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ABSTRACT 


A total of 1050 specimens of 46 different copper alloys were ex- 
posed at two depths, 2,500 and 6,000 feet, in the Pacific Ocean for 
periods of time varying from 123 to 1064 days in order to determine 
the effects of deep ocean environments on their corrosion resistance. 

Corrosion rates, types of corrosion, pit depths, stress corrosion 
cracking resistance, changes in mechanical properties and analyses of 
corrosion products of the alloys are presented. 

Copper, beryllium-copper, arsenical admiralty brass, aluminum 
brass, nickel brass, G bronze, modified G bronze, M bronze, leaded tin 
bronze, phosphorous bronze A, phosphorous bronze D, nickel-aluminum 
bronzes, Ni-Vee bronze A, Ni-Vee bronze B, Ni-Vee bronze C, copper- 
nickel alloys 95-5, 80-20, 70-30 containing 0.5 percent iron, 70-30 
containing 5 percent iron, 55-45, nickel-silver containing 18 percent 
nickel, and Cu-Ni-Zn-Pb corroded uniformly and thir corrosion rates  ®& 
were low, 1 MPY or less after 1 year at a depth of 2,500 feet and 
after 2 years at a depth of 6,000 feet. 

The remainder of the alloys were attacked by selective corrosion: 
commercial bronze, red brass, yellow brass, Muntz metal, Naval brass, 
manganese bronze, nickel-manganese bronze, wrought 5 and 7 percent 
aluminum bronzes, cast 10, 11 and 13 percent aluminum bronzes, 3 per- 
cent silicon bronze and silicon bronze A. 

The copper alloys were not susceptible to stress corrosion crack- 
ing. 

Only the mechanical properties of the alloys attacked by selective 
corrosion were adversely affected. 

The corrosion products consisted of cupric chloride, copper 
hydroxide-chloride, metallic copper, copper oxy-chloride and nickel 
hydroxide. 


The aggressiveness of the sea water and of the bottom sediments 
on the copper alloys was about the same except for the copper-nickel 
alloys where the bottom sediments were less aggressive. 


CLEARED FOR UNLIMITED DISTRIBUTION 
fanbase hii oor th “document: outsiatexthe-areneieg oF 
hve OVE LDMED les tAld GilienianiienpicdmomearppEomaclesesimishias 
ae , é 


wou 


0 0301 0040 


ii 


PREFACE 


The U. S. Naval Civil Engineering Laboratory is conducting a 
research program to determine the effects of deep ocean environments 
on materials. It is expected that this research will establish the 
best materials to be used in deep ocean construction. 

A Submersible Test Unit (STU) was designed, on which many test 
specimens can be mounted. The STU can be lowered to the ocean floor 
and left for long periods of exposure. 

Thus far, exposures have been made at two deep-ocean test sites 
and at a surface sea water site in the Pacific Ocean. Six STUs have 
been exposed and recovered. Test Site I (nominal depth of 6,000 feet) 
is approximately 81 nautical miles west-southwest of Port Hueneme, 
California, latitude 33°44'N and longitude 120°45'W. Test Site II 
(nominal depth of 2,500 feet) is 75 nautical miles west of Port Hueneme, 
California, latitude 34°06'N and longitude 120°42'W. A surface sea 
water exposure site (V) was established at Point Mugu, California 
(34906'N - 119°07'W) to obtain surface immersion data for comparison 
purposes. : 

This report presents the results of the evaluations of copper and 
copper alloys exposed at the above three test sites. 
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INTRODUCTION 


The development of deep diving vehicles which can stay submerged 
for long periods of time has focused attention on the deep ocean as an 
operating environment. This has created a need for information con- 
cerning the behavior of common materials of construction as well as 
newly developed materials with promising potentials, at depths in the 
ocean. 

To study the problems of construction in the deep ocean, project 
"Deep Ocean Studies" was established. Fundamental to the design, 
construction and operation of structures, and their related facilities 
is information with regard to the deterioration of materials in deep 
ocean environments. This report is devoted to the portion of the pro- 
ject concerned with determining the effects of these environments on 
the corrosion of metals and alloys. 

The test sites for the deep ocean exposures are shown in Figure l 
and their specific geographical locations are given in Table 1. The 
complete oceanographic data at these sites, obtained from NCEL cruises 
between 1961 and 1967, are summarized in Figure 2. Initially, it was 
decided to utilize the site at the 6,000 foot depth. Because of the 
minimum oxygen concentration zone found between the 2,000 and 3,000 
foot depths, during the early oceanographic cruises, it was decided to 
establish a second exposure site (STU II-1 and II-2) at a nominal 
depth of 2,500 feet. For comparative purposes, the surface water site 
V was established. Even though the actual depths are shown in the 
tables, the nominal depths of 6,000 and 2,500 feet are used throughout 
the text. 

A summary of the characteristics of the bottom waters 10 feet above 
the bottom sediments at the two deep ocean exposure sites and at the 
surface exposure site is given in Table l. 

Sources of information pertaining to the biological characteristics 
of the bottom sediments, biological deterioration of materials, detail- 
ed oceanographic data, and construction, emplacement and retrieval of 
STU structures are given in Reference 1. 

The procedures for the preparation of the specimens for exposure 
and for evaluating them after exposure are described in Reference 2. 

Previous reports pertaining to the performance of materials in 
the deep ocean environments are given in References 1 through 8. 

This report is a discussion of the results obtained of the 
corrosion of copper and copper alloys for the seven exposure periods 
shown in Table l. 


RESULTS AND DISCUSSIONS 


The results presented and discussed herein also include the 
corrosion data for copper alloys exposed on the STU structures for the 


International Nickel Company, Incorporated. Permission for their 
incorporation in this report has been granted by Dr. T. P. May, Manager, 
Harbor Island (Kure Beach) Corrosion Laboratory, Wrightsville Beach, 
North Carolina, Reference 9. 

Results from other participants in the NCEL exposures are also in- 
cluded; Annapolis Division, Naval Ship Research and Development Center 
(formerly Marine Engineering Laboratory) (Reference 10) and the 
Chemistry Division, NCEL, (Reference 11). 

Deep ocean corrosion results from the Atlantic Ocean (References 
12 and 13), surface corrosion data from the Atlantic Ocean (Reference 
14) and surface corrosion data from the Pacific Ocean (References 15 
and 16) are included for comparison purposes. 


COPPER 


The chemical composition of the coppers are given in Table 2, 
their corrosion rates and types of corrosion in Table 3, their re- 
sistance to stress corrosion cracking in Table 4, and changes in their 
mechanical properties due to corrosion in Table 5. 


Corrosion 


The excellent corrosion resistance of copper is partially due to 
its being a relatively noble metal. However, in many environments its 
satisfactory performance depends on the formation of adherent, relative- 
ly thin films of corrosion products. In sea water corrosion, resist- 
ance depends on the presence of a surface oxide film through which 
oxygen must diffuse in order for corrosion to continue. This oxide 
film adjoining the metal is cuprous oxide covered with a mixture of 
cupric oxy-chloride, cupric hydroxide, basic cupric carbonate and 
calcium sulfate. Since oxygen must diffuse through this film for 
corrosion to occur it would be expected that under normal circumstances 
the corrosion rate would decrease with increase in time of exposure. 

The corrosion rates of copper in sea water, both at depth and at 
the surface, are given in Table 2 and shown in Figure 3. The corrosion 
rate decreased with increase in duration of exposure at the 6,000 foot 
depth in the Pacific Ocean and the data from all three participants, 
Naval Civil Engineering Laboratory, International Nickel Company, Inc. 
and Naval Ship Research and Development Center was in very good agree- 
ment. At the 5,600 foot depth in the Atlantic Ocean, Reference 12, the 
corrosion rate for copper after 1050 days of exposure was practically 
the same as at the 6,000 foot depth in the Pacific Ocean. This close 
agreement of the corrosion rates of copper in the two oceans is not 
unexpected since the corrosion of copper is not appreciably affected by 
changes in oxygen concentration. 

At depths of 4,250 and 4,500 feet in the Atlantic Ocean, Reference 


13, the corrosion rates were about one-half the corrosion rate at 5,600 
feet in the Atlantic Ocean and about two-thirds the corrosion rate at 
6,000 feet in the Pacific Ocean. They were more in agreement with the 
NCEL corrosion rates of copper at the 2,500 foot depth in the Pacific 
Ocean. 

At the 2,500 foot depth, the corrosion rates of copper as reported 
by INCO, Reference 9, were the same as those at 6,000 feet. However, 
the NCEL corrosion rates at the 2,500 foot depth were lower than those 
at the 6,000 foot depth. In both cases the corrosion rates were practi- 
cally constant with increasing time of exposure. 

The corrosion rate of copper was nearly constant with increasing 
time of exposure at the surface in the Atlantic Ocean at Kure Beach, 
North Carolina, Reference 14, but decreased with time of exposure at 
the surface in the Pacific Ocean at the Panama Canal Zone, Reference 
16, and became constant with time after about 4 years of exposure. 

At Port Hueneme Harbor in the Pacific Ocean, Reference 15, copper 
corroded at a constant rate over a two year period of exposure. 

For practical purposes the corrosion of copper can be considered 
constant and of the same magnitude after exposure for 1 year in sea 
water at the surface and at depths in both the Atlantic and Pacific 
Oceans. The corrosion rates ranged between 0.5 and 1.5 MPY with an 
average of about 1 MPY. 

Copper partially embedded in the bottom sediments at the 6,000 
foot depth corroded at essentially the same rate as in the sea water 
at this depth as shown in Figure 4. The corrosion rate decreased with 
increasing duration of exposure. At the 2,500 foot depth copper cor- 
roded at a lower rate in the bottom sediment than in the sediment at 
the 6,000 foot depth as well as in the water at 2,500 feet. 

The addition of about two percent beryllium to copper did not 
affect the corrosion of copper after 402 days of exposure at a depth of 
2,500 feet. The beryllium-copper was in the form of wrought sheet and 
cast chain. Their corrosion rates were 0.6 and 0.5 MPY, respectively, 
in sea water and 0.5 and 0.5 MPY, respectively, in the bottom sediments 
while those of copper were 0.6 and 0.2 MPY in sea water and in the 
bottom sediment, respectively, Table 3. The corrosion of the wrought 
beryllium-copper sheet was not affected by welding either by the MIG or 
TIG processes. 


Stress Corrosion 

Oxygen free copper was not susceptible to stress corrosion crack- 
ing at stresses equivalent to 75 percent of its yield strength at a 
nominal depth of 2,500 feet for periods of exposure to 402 days as 


shown in Table 4. 


Mechanical Properties 


The effect of exposure on the mechanical properties of the coppers 


is shown in Table 5. The mechanical properties of oxygen-free copper 
and not welded and welded beryllium-copper, by both the MIG and TIG 
processes were not significantly affected by exposure in sea water at 
nominal depths of 2,500 and 6,000 feet. 


COPPER-ZINC ALLOYS (BRASSES) 


The chemical compositions of the copper-zinc alloys (brasses) are 
given in Table 6, their corrosion rates and types of corrosion in Table 
7, their resistance to stress corrosion cracking in Table 8, and the 
effect of exposure in the sea water on their mechanical properties in 
Table 9. 


Corrosion 


Corrosion of the copper-zine alloys usually occurs as uniform, 
pitting, crevice, dezincification or stress corrosion cracking. The 
tendency for the copper-zince alloys to corrode by dezincification and 
stress corrosion cracking varies with the zinc content; the higher the 
zine content of the alloy the greater the susceptibility. Pitting and 
crevice corrosion are usually caused by differential aeration cells. 

Dezincification is the selective corrosion of copper-zince alloys 
(brasses) by which the original alloy is converted into a spongy mass 
of copper which has poor mechanical strength. The most favored theory 
of this mechanism is that the metal corrodes as an alloy and the copper 
is subsequently redeposited. 

Because it is not possible to remove all the corrosion products 
(redeposited, spongy copper) it is not possible to obtain true weight 
losses from which to calculate corrosion rates. Therefore, corrosion 
rates so obtained are always lower than they are actually. Hence, 
corrosion rates determined for dezincified copper-zine alloys are not 
reliable for assessing the corrosion of such alloys. 

The corrosion rates of the copper-zinc alloys are shown graphi- 
cally in Figures 5 through 16. 

The corrosion rates of commercial bronze, shown in Figure 5, were 
constant with duration of exposure through 751 days of exposure in the 
sea water at the 6,000 foot depth and decreased slightly thereafter. 
The corrosion rates in sea water at the 2,500 foot depth were lower 
than those at the 6,000 foot depth and decreased with increasing dur- 
ation of exposure. However, in the bottom sediments at the 6,000 foot 
depth the corrosion rates increased with duration of exposure while 
those at the 2,500 foot depth decreased with increasing duration of 
exposure and they were lower than those at the 6,000 foot depth. The 
corrosion rates of commercial bronze at both depths, both in the sea 
water and in the bottom sediments were lower than those at the surface 


of the Pacific Ocean, at NCEL and at Fort Amador, Panama Canal Zone, 
Reference 16, as shown in Figure 5. 


The commercial bronze was slightly dezincified after 402 days of 
exposure both in the sea water and in the bottom sediment at a depth of 
2,500 feet. It was also reported to have dezincified at the surface in 
the Pacific Ocean at Fort Amador, Panama Canal Zone, Reference 16. 

For all practical purposes the corrosion rates of commercial bronze 
both in sea water and in the bottom sediments at the 6,000 foot and 
2,500 foot depths can be considered constant with increasing time of 
exposure. The corrosion rates at both depths were less than at the 
surface and the rate at the 2,500 foot depth was slightly less than that 
at the 6,000 foot depth. 

The corrosion rate of red brass, Figure 6, was the same in the 
bottom sediments as in sea water at the 6,000 foot depth and decreased 
with increasing time of exposure. However, at the 2,500 foot depth, 
red brass corroded at a much slower rate in the bottom sediments than 
in the sea water and the corrosion rates decreased as the duration of 
exposure was increased. 

After about 400 days of exposure, red brass corroded at about the 
same rate at the surface at Harbor Island, North Carolina in the 
Atlantic Ocean, Reference 10, as it did at 2,500 feet in the Pacific 
Ocean. At the surface in the Pacific Ocean it corroded at about the 
same rate as at the 6,000 foot depth. 

Red brass was slightly dezincified, the first evidence of which 
was found after 123 days of exposure in the bottom sediment at a depth 
ORNOVOOORECCES Labia 7% 

In general, red brass corroded less at the 2,500 foot depth than 
at the 6,000 foot depth and the corrosion rates at both depths decreas- 
ed as the time of exposure increased. 

Yellow brass, Figure 7, also corroded at the same rate in the 
bottom sediments as in the sea water at the 6,000 foot depth and they 
decreased asymptotically with time. At the 2,500 foot depth, yellow 
brass corroded less in the bottom sediments than in the sea water and 
the rates were nearly constant with increasing time of exposure. Ata 
depth of 4,250 feet in the Atlantic Ocean, Reference 13, the corrosion 
rate of yellow brass increased with time of exposure and after 200 days 
of exposure was the same as at a depth of 2,500 in the Pacific Ocean. 
There was slight to moderate dezincification of yellow brass after 751 
and 1064 days of exposure in the sea water at the 6,000 foot depth, 
Table 7. After 181 days of exposure at the surface in the Pacific 
Ocean, yellow brass corroded at a higher rate than at the 6,000 foot 
depth and was slightly dezincified. 

Arsenical Admiralty, Figure 8, like yellow brass, corroded at the 
same rate in the bottom sediments as in sea water at the 6,000 foot 
depth and the rate decreased asymptotically with time. At the 2,500 
foot depth it corroded at essentially the same rate in sea water as at 
the 6,000 foot depth. In the bottom sediments at the 2,500 foot depth 
arsenical admiralty corroded at a lower rate than in the sea water. 

The corrosion rate of arsenical admiralty increased with time of ex- 
posure at a depth of 4,250 feet in the Atlantic Ocean, Reference 13, and 


after 200 days of exposure the corrosion rate was the same as at the 
6,000 foot depth in the Pacific Ocean. The absence of any dezincifi- 
cation of arsenical admiralty is attributed to the slight amount of 
arsenic added to this alloy. It corroded at a higher rate at the sur- 
face in the Pacific Ocean than at depth as shown in Figure 8. 

The corrosion of Muntz Metal at the 6,000 foot depth was erratic 
as shown in Figure 9. This is attributed to the dezincification of the 
alloy. The corrosion rates at the 2,500 foot depth were essentially 
constant with time and those in the bottom sediments were lower than 
those in the sea water. Muntz metal corroded at a higher rate at the 
surface in the Pacific Ocean than at either depth and at the Panama 
Canal Zone. Even though Muntz metal was dezincified during exposure at 
the surface in the Pacific Ocean, Fort Amador, Panama Canal Zone, 
Reference 16, its corrosion rate decreased asymptotically with time and 
was lower than at the 6,000 foot depth. Muntz metal suffered from de- 
zincification at the surface and at both depths in the Pacific Ocean, 
the extent varying from slight to severe. The severity of the dezinci- 
fication after 751 days of exposure at a depth of 6,000 feet is shown 
in Figure 10, the thickness of the specimen was reduced by 28 percent. 
The dark bands on the edges are dezincified areas. 

Naval brass, Figure 11, corroded at a slower rate in sea water at 
the 6,000 foot depth in the Pacific Ocean than at a depth of 5,600 feet 
in the Atlantic Ocean, Reference 12, at the surface in the Pacific 
Ocean at Fort Amador, Panama Canal Zone, Reference 16, and at Port 
Hueneme Harbor, California, Reference 15. However, after 1050 days of 
exposure at 5,600 feet in the Atlantic Ocean and 1064 days of exposure 
at 6,000 feet in the Pacific Ocean the corrosion rates of Naval brass 
were essentially the same. The corrosion rates at both surface loc- 
ations and at the 6,000 foot depth decreased and became asymptotic 
with time even though the rates were different. The differences in the 
rates can be attributed at least partially to differences in the tem- 
peratures at the three sites. The Naval brass was reported to have been 
dezincified at the Panama Canal Zone but no dezincification was report- 
ed at the surface at Port Hueneme or at depth in the Atlantic and 
Pacific Oceans. Dezincification could be an additional cause (in 
addition to temperature) for the higher corrosion rate at the Panama 
Canal Zone. 

Manganese bronze, Figure 12, behaved similarly to Muntz metal, 
Figure 9, in that it corroded erratically at the 6,000 foot depth which 
is attributed to dezincification. At the 2,500 foot depth, the 
corrosion rates decreased slightly with increasing time of exposure and 
in the bottom sediment were lower than in the sea water. The corrosion 
rate of manganese bronze at the surface of the Pacific Ocean at NCEL 
was considerably higher than at either depth as well as at other loc- 
ations. It was also severely dezincified. The corrosion rate of man- 
ganese bronze decreased asymptotically with time at the surface in the 
Pacific Ocean, Fort Amador, Panama Canal Zone, Reference 16, and was 
constant with time between one and two and a half years of exposure in 


Port Hueneme Harbor, California, Reference 15; it was lower at the 
latter site. The corrosion rates at the 6,000 foot depth, both in sea 
water and in the bottom sediments, were comparable with that at the 
surface in the Pacific at the Panama Canal Zone. The corrosion rate 
of manganese bronze at the surface in the Pacific Ocean at Port Hueneme 
Harbor, California, Reference 15, was comparable with that in sea 
water at the 2,500 foot depth, both were lower than at the 6,000 foot 
depth and at the Panama Canal Zone. There was negligible corrosion of 
manganese bronze in the bottom sediments at the 2,500 foot depth. The 
manganese bronzes were attacked to a considerable extent by dezincifi- 
cation except that no dezincification was reported for the manganese 
bronze in Port Hueneme Harbor. 

Cast nickel-manganese bronze was severely attacked by dezincifi- 
cation after 402 days of exposure, both in the sea water and in the 
bottom sediments, at a depth of 2,500 feet and after 751 days of ex- 
posure in sea water at a depth of 6,000 feet, Figure 13. The corrosion 
rate of the cast nickel-manganese bronze at the surface in the Pacific 
Ocean was much less than at either depth. The extent of the dezincifi- 
cation after 751 days of exposure at a depth of 6,000 feet is shown in 
Figure 14. The light area on the cross sections depicts the dezincifi- 
cation which is approximately 65 percent of the thickness of the speci- 
men. 

The corrosion rate of aluminum brass decreased gradually with 
increasing time of exposure in the sea water at the 6,000 foot depth, 
Figure 15. After 181 days of exposure at the surface in the Pacific 
Ocean, the corrosion rate was the same as in sea water at the 6,000 
foot depth. In the bottom sediments at the 6,000 foot depth, the 
corrosion rates also decreased with increasing time of exposure to 751 
days, then increased sharply between 751 days and 1064 days. At the 
2,500 foot depth the corrosion rate in sea water also decreased with 
increasing time of exposure but in the bottom sediments it increased 
slightly. However, after 400 days of exposure the corrosion rates 
were the same in sea water and the bottom sediments at the 2,500 foot 
depth and in the bottom sediment at the 6,000 foot depth. At the 4,250 
foot depth in the Atlantic Ocean, Reference 13, the corrosion rate of 
aluminum brass decreased slightly with time and was about the same as 
that in the bottom sediments at the 6,000 foot depth. 

As shown in Figure 16, the corrosion rates of nickel brass de- 
ereased gradually with increasing time of exposure at both depths 
(2,500 and 6,000 feet) except in the sediments at the 2,500 foot depth 
where the alloy was practically uncorroded. Nickel brass corroded at 
slower rates in the bottom sediments at both depths than in the sea 
water and at slower rates at the 2,500 foot depth than at the 6,000 
foot depth. It corroded at the surface in the Pacific Ocean at the 
same rate as in the sediment at the 6.000 foot depth. 

There was one exception to the corrosion behavior which was common 
to all the copper-zine alloys; their corrosion rates in the bottom 


sediment after 403 days of exposure were much lower than those after 
other times of exposure at the 6,000 foot depth, Table 7 and Figures 

5, 6, 7, 8, 9, 12, 15 and 16. These low corrosion rates are attributed 
to a rather passive sediment at this location; i.e., very little if 

any sulfate reducing bacteria. This assumption is substantiated by 

the large population of wood borers and the presence of many deep-sea 
sponges found at the water-sediment interface which require oxygen to 
live and reproduce. 

The performance of the copper-zinc alloys in sea water at the 
2,500 and 6,000 foot depths is summarized in Figure 17 and in the 
bottom sediments at these depths in Figure 18. 

Except for Muntz metal and manganese bronze the corrosion rates 
for the copper-zine alloys at the 6,000 foot depth decreased with 
increasing time of exposure and could be encompassed within a rather 
narrow band as shown in Figure 17. The width of the band decreased 
from 1.2 MPY after 123 days of exposure to 0.6 MPY after 1064 days of 
exposure. The dotted curve within this band is for copper for compari- 
son purposes; showing that after 1064 days of exposure the copper-zine 
alloys corrode at rates which are within + 0.3 MPY of that of copper. 
The curves above this band are for Muntz metal and manganese bronze 
both of which were dezincified to considerable degrees. Two other 
points, both for nickel-manganese bronze, were outside this band and 
are attributed to dezincification. The band encompassing the corrosion 
rates for the copper-zine alloys at the 2,500 foot depth indicate that, 
in general, they were constant with time and were lower than the cor- 
rosion rate for copper. These bands also show that the corrosion rates 
of the copper-zinc alloys in sea water at depths of 2,500 feet and 6,000 
feet were comparable, except for Muntz metal and manganese bronze. 

Most of the corrosion rates for the copper-zine alloys in the 
bottom sediments at the 6,000 foot depth can be conveniently encompass- 
ed within a band whose width is about 1.2 MPY after 123 days of expos- 
ure which narrows to 0.5 MPY after 1064 days of exposure as shown in 
Figure 18. The average corrosion rates decrease from 1.0 MPY after 123 
days of exposure to 0.6 MPY after 1064 days of exposure. The dotted 
corrosion rate curve for copper bisects this band with the copper-zince 
alloy corrosion rates being slightly higher than that for copper after 
1064 days of exposure. The curve above the band is for manganese bronze 
which suffered considerable dezincification. The other points outside 
this band are for manganese bronze and nickel-manganese bronze which 
also were dezincified. The small band for the alloys in the bottom 
sediments at the 2,500 foot depth shows quite clearly that in addition 
to the corrosion rates being low, they were essentially constant with 
time. 

A comparison of the bands for the copper-zinc alloys at the 6,000 
foot depth shows that after 1064 days of exposure they were corroding 
at essentially the same rates in sea water and in the bottom sediments. 
However, at the 2,500 foot depth the corrosion rates in sea water were 
higher than those in the bottom sediments. 


Stress Corrosion 


Two copper-zine alloys, arsenical admiralty and Muntz metal were 
exposed while stressed at values equivalent to 50 and 75 percent of 
their respective yield strengths, as shown in Table 8. They were 
immune to stress corrosion cracking for 403 days of exposure at a depth 
of 6,000 feet and 402 days of exposure at a depth of 2,500 feet. 


Mechanical Properties 


The effect of corrosion on the mechanical properties of three 
copper-zine alloys, arsenical admiralty, Muntz metal and nickel- 
manganese bronze are given in Table 9 and shown graphically in Figures 
19, 20, and 21. 

The mechanical properties of arsenical admiralty were not im- 
paired, Figure 19, while those of Muntz metal, Figure 20, and nickel- 
manganese bronze, Figure 21, were impaired. In both alloys, the im- 
pairment increased with time of exposure at both depths, 2,500 and 
6,000 feet. The degree of impairment in both cases roughly paralleled 
the severity of the dezincification. 


Corrosion Products 


The corrosion products which formed on cast nickel-manganese bronze 
during 403 days of exposure at a depth of 6,000 feet were analyzed by 
X-ray diffraction, spectrographic, Infra-red spectrophotometer and 
quantitative analyses methods. The corrosion products were composed of 
cupric chloride (CuCl2°2Hj0); copper hydroxychloride (Cu j(0H)3C1); 
copper as metal 35.98%; minor amounts of aluminum, iron, silicon, and 
sodium; chloride ions as Cl, 0.91%; sulfate ions as S04, 11.53%; small 
quantities of an organic compound or compounds present due to decom- 
posed algae and vegetative materials. 


BRONZES 


The chemical compositions of the bronzes are given in Table 10, 
their corrosion rates and types of corrosion in Table 11, their resis- 
tance to stress corrosion cracking in Table 12 and the effect of ex- 
posure in the sea water on their mechanical properties in Table 13. 


Corrosion 


The corrosion rates of G bronze and modified G bronze are shown 
in Figure 22. At the 6,000 foot depth, from 123 to 1064 days of 
exposure, they corroded at essentially the same rate both in the sea 
water and when partially embedded in the bottom sediments. Their 


corrosion rates at the 2,500 foot depth were also essentially constant. 
The corrosion rates in the sea water at the 2,500 foot depth were 
essentially the same as those at the 6,000 foot depth while those in 
the bottom sediments were slightly lower. The corrosion rate of G 
bronze at a depth of 4,250 feet in the Atlantic Ocean, Reference 13, 
was essentially the same as at the 6,000 foot depth after 200 days of 
exposure. Both alloys (G and modified G bronze) corroded at higher 
rates than at either depth when completely submerged at the surface in 
the Pacific Ocean at Point Mugu, California. After 181 days of expo- 
sure, their corrosion rates were the same (1.3 MPY) and were higher 
than the average corrosion rate at the 6,000 foot depth by 0.9 MPY. 
Both alloys corroded uniformly except for some crevice corrosion of 
modified G bronze after 751 days of exposure in the sediment and 1064 
days of exposure in the sea water at the 6,000 foot depth. 

Two other bronzes, ''M'' and leaded tin bronze, similar in chemical 
composition to modified G bronze, except for the addition of lead, 
corroded similarly to the G bronzes as shown in Figure 23. A compari- 
son of the curves in Figures 22 and 23 shows that they are practically 
identical. "M' bronze corroded at essentially the same rate at a 
depth of 4,250 feet in the Atlantic Ocean, Reference 13, as at a depth 
of 6,000 feet in the Pacific Ocean. At the surface in the Pacific 
Ocean the "M'' bronze and leaded tin bronze corroded at higher rates 
than at either depth as shown in Figure 23. The 'M'' and leaded tin 
bronzes corroded uniformly except for severe general corrosion of the 
leaded tin bronze specimen after 751 days of exposure at a depth of 
6,000 feet. 

The corrosion rates of the phosphor bronzes, "A" and "D", are 
shown in Figure 24. They corroded uniformly and at the same rate at 
both depths, 2,500 and 6,000 feet, both in sea water and in the bottom 
sediments. The corrosion rate decreased between 123 and 400 days of 
exposure and remained constant thereafter. Phosphor bronze "A", ex- 
posed at a depth of 5,600 feet in the Atlantic Ocean, Reference 12, 
corroded at the same rate as at the 6,000 foot depth in the Pacific 
Ocean. Both bronzes corroded at higher rates at the surface in the 
Pacific Ocean at Point Mugu, California than at either depth. Phosphor 
bronze "A'' corroded at higher rates at the surface in the Pacific Ocean, 
in the Panama Canal Zone, Reference 16, and in Port Hueneme Harbor, 
California, Reference 15, than at either depth in the Pacific Ocean. 
The corrosion rates at both locations decreased asymptotically with 
increasing time of exposure. Also, the corrosion rate of phosphor 
bronze "A" in the surface sea water at Point Mugu after six months of 
exposure was higher than in Port Hueneme Harbor. 

Wrought aluminum bronzes containing 5 and 7 percent aluminum 
corroded at essentially the same rate irrespective of depth (2,500 and 
6,000 feet) and whether or not they were in sea water or partially em- 
bedded in the bottom sediments, Figure 25. The 5 percent aluminum 
bronze also corroded at the same rate at both depths as it did at the 
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surface in the Pacific Ocean at the Panama Canal Zone, Reference 16, 
and in Port Hueneme Harbor, Reference 15. After 181 days of exposure 
at the surface in the Pacific Ocean at Point Mugu, the corrosion rate 
of 5 percent aluminum bronze was 1.1 MPY, slightly higher than at any 
of the other locations, both surface and at depth. The 7 percent 
aluminum bronze corroded the same at the surface at Point Mugu as at 
the other locations except for one lot of specimens which were dealumi- 
nified and corroded at nearly 3 MPY. Their corrosion rates in the sea 
water and in the bottom sediments at both depths decreased slightly 
with increasing time of exposure. 

The corrosion rates of the cast aluminum bronzes containing 10, 
11, and 13 percent aluminum are shown in Figure 26. The corrosion 
rates in the bottom sediments at the 6,000 foot depth were the same as 
in the sea water irrespective of the aluminum content. They were the 
same for the first 751 days of exposure and decreased slightly after 
1064 days of exposure at the 6,000 foot depth. At the 2,500 foot depth 
the corrosion rates in sea water were slightly lower than at the 6,000 
foot depth and in the bottom sediments at 2,500 feet, the corrosion 
rates were lower still, less than 0.1 MPY after 402 days of exposure. 
After 181 days of exposure at the surface at Point Mugu, the corrosion 
rates of the 10 and 13 percent aluminum bronzes were considerably high- 
er than at either depth, 2.1 MPY versus 0.5 MPY at 6,000 feet. AI1l 
three of the alloys were attacked by dealuminification varying in 
degree from very slight to severe; the first evidence being found 
after 123 days of exposure at the 6,000 foot depth and 181 days of ex- 
posure at the surface. 

Although the corrosion rates of the wrought and cast aluminum 
bronzes were approximately the same as evidenced by comparing Figures 
25 and 26 the types of corrosion were different: all the cast alloys 
were dealuminified while there was dealuminification and pitting on 
about half of the wrought 7 percent aluminum bronze specimens and uni- 
form corrosion on most of the wrought 5 percent aluminum bronze speci- 
mens. 

Williams, Reference 17, has reported that dealuminification was 
found on wrought aluminum bronze containing 6.5 - 11 percent aluminum 
after exposure in sea water and that an aluminum bronze containing 6 to 
8 percent aluminum and 3.5 percent iron was not attacked by dealumini- 
fication. In this investigation slight dealuminification was found on 
an aluminum bronze containing 4.76 percent aluminum and less than 0.05 
percent iron at the 6,000 foot depth. There was more dealuminification 
on two lots of aluminum bronze containing about 7 percent aluminum and 
3 percent iron at both the 2,500 and 6,000 foot depths. The perfor- 
mance of the aluminum bronzes at depth in the Pacific Ocean was contrary 
to that found at the surface in the Atlantic Ocean. 

The corrosion rates of the three nickel-aluminum bronze alloys are 
shown in Figure 27. The corrosion rates in sea water and the bottom 
sediments were the same irrespective of the depth, 2,500 and 6,000 feet. 
This shows that variations in the nickel content from 4 to 5 percent, 
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in the aluminum content from 9 to 11 percent, or in the manganese con- 
tent from 0.5 to 3 percent had no effect on the corrosion of these 
alloys. Nickel-aluminum bronze No. 2 tended to corrode at a slightly 
higher rate at a depth of 4,250 feet in the Atlantic Ocean, Reference 
13, than at either depth in the Pacific Ocean. Also, nickel-aluminum 
alloy No. 2 exposed at the surface in the Pacific Ocean at Point Mugu 
corroded at a rate nearly three times greater than at either depth in 
the Pacific Ocean. The corrosion rates at depth decreased slightly 
during the first year of exposure and thereafter, became constant with 
increasing time of exposure. In addition to the uniform type of cor- 
rosion there was some pitting and crevice corrosion and slight dealumi- 
nification. 

The corrosion rates of the silicon bronzes (3 percent silicon and 
3 percent silicon - 1 percent manganese (silicon bronze A)) are shown 
in Figure 28. Both silicon bronzes corroded at the same rate in sea 
water and in the bottom sediments at the 6,000 foot depth and the cor- 
rosion rate decreased gradually with increasing time of exposure. At 
the 2,500 foot depth their corrosion rates in sea water and in the 
bottom sediments were lower than at the 6,000 foot depth with those in 
the bottom sediment being lower than those in the sea water. In 
general, the corrosion rates at a depth of 2,500 feet were constant 
with time. The corrosion rate of 3 percent silicon bronze at the sur- 
face of the Pacific Ocean, Panama Canal Zone, Reference 16, decreased 
sharply between one and two years of exposure and thereafter, became 
constant with increasing time of exposure; and, after two years of ex- 
posure was the same as at the 6,000 foot depth in the Pacific Ocean. 
After 181 days of exposure at the surface of the Pacific Ocean at Point 
Mugu, the corrosion rates of the silicon bronzes were about the same 
as at the 6,000 foot depth. In general, the silicon bronzes were uni- 
formly corroded except for some selective attack at the 6,000 foot 
depth. This attack is designated ''coppering"’ because of the thin layer 
of copper on the surfaces of the specimens after exposure. It is pos- 
tulated that the silicon is either selectively removed by corrosion or 
that the alloy corrodes as such and copper is subsequently redeposited 
on the surface of the specimens. 

The corrosion rates of the Ni-Vee bronzes A, B and C (copper - 
nickel - tin - zinc alloys) are shown in Figure 29, They corroded at 
essentially the same rates in sea water and in the bottom sediments at 
the 6,000 foot depth and in sea water at the 2,500 foot depth. They 
decreased slightly and became asymptotic with increasing time of ex- 
posure. The corrosion rates were less than 0.1 MPY (insignificant) in 
the bottom sediments at the 2,500 foot depth. After periods of exposure 
of 2 years or more at the 6,000 foot depth, the corrosion rates were 
less than 0.5 MPY except for Ni-Vee bronze A and C in sea water after 
751 days of exposure and Ni-Vee bronze A after 1064 days of exposure. 
There was one area of very severe corrosion on Ni-Vee bronze A after 
751 days of exposure and a pit 20 mils deep after 1064 days of exposure 
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in the sea water. There was general corrosion of Ni-Vee bronze C after 
751 days of exposure in the sea water. Except for the three cases 
mentioned above, the corrosion on these three alloys was of the uniform 
type. After 181 days of exposure at the surface in the Pacific Ocean 
at Point Mugu, these three alloys corroded at much higher rates than 

at either depth, 1.9 MPY versus 0.7 MPY. 

The corrosion rates of all the bronzes both in sea water and in 
the bottom sediments at both nominal depths of 2,500 and 6,000 feet are 
summarized in Figure 30. Initially, all the corrosion rates except 
those for the silicon bronzes were within the range of less than 0.1 to 
0.8 MPY while those for the silicon bronzes at the 6,000 foot depths 
were about twice as high (1.3 to 1.7 MPY). However, after 1064 days of 
exposure at the 6,000 foot depth, the corrosion rates of all the alloys 
were within the range of less than 0.1 MPY to 0.7 MPY. At the 2,500 
foot depth the ranges were between less than 0.1 to 0.8 MPY after 197 
days and less than 0.1 to 0.6 MPY after 402 days of exposure. In 
general, it can be concluded that the bronzes corroded at nearly con- 
stant rates except for the silicon bronzes which corroded at decreasing 
rates with increasing time of exposure. There were a few values which 
were outside these ranges, most of them (6 of 8) after 751 days of 
exposure at a depth of 6,000 feet; they were aluminum bronzes, nickel- 
aluminum bronzes and silicon bronzes. Most of the bronzes corroded at 
greater rates at the surface in the Pacific Ocean at Point Mugu than 
at either depth; the only exception was the silicon bronzes which 
corroded at the same rate as at the 6,000 foot depth. 


Stress Corrosion 


Four of the bronze alloys, phosphor bronze A, phosphor bronze D, 
aluminum bronze and manganese-silicon bronze were exposed in the stress- 
ed condition to determine their susceptibility to stress corrosion 
cracking. They were stressed at values equivalent to 35, 50 and 75 
percent of their respective yield strength as shown in Table 12. They 
were not susceptible to stress corrosion cracking for periods of ex- 
posure of 400 days at either depth. 


Mechanical Properties 


The effects of exposure in the deep ocean environments on the 
mechanical properties of the bronzes are given in Table 13 and shown in 
Figures 31 through 34. The mechanical properties of the phosphor 
bronzes, A and D, (Figures 31 and 32) were not affected by exposures 
for as long as 402 days at a depth of 2,500 feet or 751 days at a depth 
of 6,000 feet. The elongation of the aluminum bronze (Figure 33) was 
decreased considerably (28%) especially after 403 and 751 days at the 
6,000 foot depth which is attributed to pitting corrosion and dealumini- 
fication. The tensile strength, yield strength and elongation of 
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silicon bronze A (Figure 34) were seriously decreased after 403 days 

of exposure in the bottom sediment at a depth of 6,000 feet. This 
decrease in mechanical properties is attributed to the severe selective 
corrosion (coppering) of the alloy. 


Corrosion Products 


Chemical determinations of the corrosion products removed from 
aluminum bronze showed the presence of copper oxy-chloride, cupric 
chloride; major elements, copper and aluminum; minor elements, iron, 
magnesium, calcium and silicon; chloride ion, 0.9%, and sulfate ion, 
Ns Ojbe 


COPPER-NICKEL ALLOYS 


The chemical compositions of the copper-nickel (Cu-Ni) alloys are 
given in Table 14, their corrosion rates and types of corrosion in 
Table 15, stress corrosion tests in Table 16 and changes in mechanical 
properties due to corrosion in Table 17. 


Corrosion 


The corrosion rates and types of corrosion of the copper-nickel 
alloys are given in Table 15 and are shown graphically in Figures 35 to 
45. 

There were three different lots of 90 copper-10 nickel alloy 
exposed at depths in the Pacific Ocean. As shown in Figure 35, their 
corrosion rates in sea water at the 6,000 foot depth were comparable. 
The corrosion rates of the specimens partially embedded in the bottom 
sediments at the 6,000 foot depth were slightly lower than those in the 
sea water. At the 2,500 foot depth the corrosion rates in sea water 
were comparable with those in sea water at the 6,000 foot depth. In 
the bottom sediment at the 2,500 foot depth the corrosion rates were 
lower than those in the sea water. The corrosion rates after 181 days 
of exposure at the surface in the Pacific Ocean at Point Mugu were 
practically the same as those at both depths. At a depth of 5,600 feet 
in the Atlantic Ocean, 90 copper-10 nickel alloy, after 110 days of 
exposure, corroded at the same rate as at 6,000 feet in the Pacific 
Ocean but, after 1050 days of exposure, its corrosion rate was much 
less than in the Pacific Ocean, Reference 12. The same was true after 
100 days of exposure at a depth of 4,250 feet in the Atlantic Ocean, 
Reference 13, and after 200 days of exposure the corrosion rate was 
slightly lower than in the Pacific Ocean. The corrosion was uniform 
with the specimens being covered with thin light green flaky films of 
corrosion products. 

The corrosion rates of the 70 copper-30 nickel with nominal 0.5 
percent iron are shown in Figure 36. The corrosion behavior of this 
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alloy was very similar to that of the 90 copper-10 nickel alloy at the 
6,000 foot depth. The corrosion rate in the bottom sediment after 123 
days at the 6,000 foot depth was lower than that in the sea water but 
after 1064 days, the rates were the same. The corrosion rates at the 
2,500 foot depth were lower than those at the 6,000 foot depth and 
those in the bottom sediments were lower than those in the sea water. 
The corrosion rates at depths of 4,250 and 4,500 feet in the Atlantic 
Ocean, Reference 13, were lower than those in sea water at the 6,000 
foot depth in the Pacific Ocean and decreased with increasing time of 
exposure. The corrosion rate at the surface in the Pacific Ocean at 
Point Mugu were lower than those in sea water at both depths. At the 
surface in the Pacific Ocean at the Panama Canal Zone, the corrosion 
rates also were less than in the sea water at both depths, Reference 16. 
The corrosion of this alloy was uniform with the surfaces of the speci- 
mens being covered with light green, flaky corrosion products. 

The corrosion rates of 70 copper-30 nickel alloy containing 5 per- 
cent iron were very low as shown in Figure 37. They were the same in 
the bottom sediments as in the sea water at both depths, 2,500 and 
6,000 feet. The corrosion rates at the 6,000 foot depth increased 
between 403 and 751 days of exposure. This increase is attributed to 
the change in the protective film on this alloy. Through 400 days of 
exposure at both depths the specimens were protected by a thin, hard, 
black shiny film which deteriorated during longer exposure time causing 
crevice corrosion and pitting with some selective attack (coppering). 
There were copious deposits of copper on the specimens, especially in 
pits and at faying surfaces. The corrosion rate at the surface after 
181 days of exposure in the Pacific Ocean at Point Mugu was considerably 
higher than at either depth and the alloy was attacked by crevice cor- 
rosion to a depth of 5 mils. At a depth of 4,250 feet in the Atlantic 
Ocean, Reference 13, this alloy corroded at a higher rate than at 
either depth in the Pacific Ocean but at the same rate as at the surface 
in the Pacific Ocean. 

The corrosion rates of the three copper-nickel alloys (90-10, 70-30 
with 0.5% Fe, and 70-30 with 5% Fe) are plotted in Figure 38 to show 
that at the 6,000 foot depth the corrosion rates of the 90 copper-10 
nickel and 70 copper-30 nickel with 0.5% Fe are comparable both in the 
sea water and bottom sediments with the rates in the bottom sediments 
being just below those in the sea water. At the 2,500 foot depth, the 
corrosion rates in the sea water were comparable with those in the 
bottom sediments at the 6,000 foot depth while those in the bottom sedi- 
ments at the 2,500 foot depth were lower than those in the sea water. 
The corrosion rates of the 70 copper-30 nickel with 5% Fe were lower 
than those of the other two alloys at both depths in sea water and in 
the bottom sediments except in the sea water at the 6,000 foot depth 
after 751 days of exposure. In this case, the corrosion rate was about 
the same as the other two alloys. 

The corrosion of 95 copper-5 nickel was uniform, the corrosion 
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rates were the same in the sea water and in the bottom sediments, and 
decreased asymptotically with increasing time of exposure at the 6,000 
foot depth as shown in Figure 39. At the 2,500 foot depth, the cor- 
rosion rate in sea water was uniform with increasing time of exposure 
and was the same as at the 6,000 foot depth after 400 days of exposure. 
In the bottom sediments at the 2,500 foot depth, the corrosion rate in- 
creased slightly with time of exposure and after 400 days was the same 
as at the 6,000 foot depth. 

The corrosion rates of 80 copper-20 nickel alloys are shown in 
Figure 40. The alloys differed in chemical composition with regard to 
their iron contents; the one exposed by NCEL contained 0.62 percent 
iron while the one exposed for the International Nickel Company, Inc. 
contained 0.03 percent iron. The differences in their corrosion rates 
are attributed to the difference in their iron contents. This is 
clearly shown in Figure 40 where, in sea water at both depths, the 
corrosion rates of the alloy with 0.03 percent iron were higher than 
those of the alloy which contained 0.62 percent iron. The reverse was 
found in the specimens exposed in the bottom sediments. The corrosion 
rate of the alloy with 0.03 percent iron after 181 days of exposure at 
the surface in the Pacific Ocean was higher than those for the same 
alloy at both depths. The corrosion was, in general, uniform. 

The corrosion rates of 55 copper-45 nickel alloy (a thermocouple 
alloy) are shown in Figure 41. The alloy corroded uniformly except for 
crevice corrosion to perforation after 1064 days of exposure in the 
bottom sediment at the 6,000 foot depth. The corrosion rates initially 
increased with time, then became constant at about 1.0 MPY at the 
6,000 foot depth in sea water while in the bottom sediments, they 
initially decreased with increasing time of exposure, then became con- 
stant at about 0.5 MPY. At the 2,500 foot depth the corrosion rates 
both in sea water and in the bottom sediments decreased with increase 
in duration of exposure. At both depths the corrosion rates in the 
bottom sediments were lower than those in the sea water. After 181 days 
of exposure at the surface in the Pacific Ocean, the corrosion rate of 
the alloy was much higher than at either depth. 

The corrosion rates of a nickel-silver (65 Cu - 18 Ni - 17 Zn) are 
shown in Figure 42. At the 6,000 foot depth, the corrosion rates both 
in sea water and in the bottom sediments decreased rapidly with in- 
creasing time of exposure. The corrosion rates at the 2,500 foot depth 
were essentially constant with time and those in the bottom sediments 
were very low and much lower than those in the sea water. After 181 
days of exposure at the surface and 197 days of exposure in the sea 
water at a depth of 2,500 feet in the Pacific Ocean, the corrosion rates 
were practically the same. The corrosion rate of this alloy at the sur- 
face in the Pacific Ocean at the Panama Canal Zone was very low (0.03 
MPY) and constant with time of exposure. The type of corrosion was 
uniform. 

The corrosion rates of a copper-nickel-zinc-lead alloy are shown 
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in Figure 43. The corrosion rates in sea water and in the bottom sedi- 
ments at the 6,000 foot depth were comparable and decreased gradually 
with increasing time of exposure. The corrosion rates at the 2,500 
foot depth were lower than those at the 6,000 foot depth and those in 
the bottom sediments were lower than those in sea water. The corrosion 
rate after 181 days of exposure at the surface in the Pacific Ocean at 
Point Mugu was about the same as in the sea water at the 6,000 foot 
depth. The corrosion of this alloy was of the uniform type. 

The corrosion rates in sea water at the 2,500 and 6,000 foot depths 
of all the copper-nickel alloys given in Table 14 and shown in Figures 
35 through 43 are shown within bands in Figure 44. At the 6,000 foot 
depth, the band narrows and decreases asymptotically with increasing 
time of exposure to a width of 0.5 MPY after 1064 days. The arithmeti- 
cal average curve is located about the midpoint of the width of the 
band. The band for the 2,500 foot depth is practically constant with 
time and the average curve practically bisects it. From these bands 
it can be concluded that the corrosion rates of the copper-nickel alloys 
in sea water can be expected to decrease with increasing duration of 
exposure and to corrode at between 0.5 and 1 MPY at depth in the 
Pacific Ocean after about 3 years at a depth of 6,000 feet and after 
about 1 year at a depth of 2,500 feet. The only alloy whose corrosion 
rates did not come within these bands was the 70 copper-30 nickel alloy 
which contained 5 percent iron. However, at the 6,000 foot depth its 
corrosion rate increased when the protective film failed locally and 
after 751 days it was nearly as great as those of the other alloys. 

Similar bands encompassing the corrosion rates of the copper- 
nickel alloys when partially embedded in the bottom sediments are shown 
in Figure 45. The lines within the bands are the average curves. At 
the 6,000 foot depth the band narrows and decreases asymptotically with 
increasing time of exposure to a width of about 0.3 MPY after 1064 days 
of exposure. From this band it can be concluded that the corrosion 
rates of the copper-nickel alloys partially embedded in the bottom 
sediments can be expected to decrease with increasing duration of ex- 
posure and to corrode at between 0.2 and 0.5 MPY after about 3 years 
of exposure. At the 2,500 foot depth there was a slight increase in 
the width of the band between 200 and 400 days of exposure and the 
average corrosion rate curve also increased slightly. After 1064 days 
of exposure at a depth of 6,000 feet, the copper-nickel alloys par-= 
tially embedded in the bottom sediments corroded at slower rates than 
in the sea water as shown by comparing Figures 44 and 45. 


Stress Corrosion 
Five of the copper-nickel alloys were exposed in the stressed con- 
dition to determine their susceptibility to stress corrosion cracking, 


Table 16. They were stressed at values equivalent to 35, 50 and 75 
percent of their respective yield strengths. None of the alloys were 
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susceptible to stress corrosion cracking at depths of 2,500 and 6,000 
feet for periods of exposure of 400 days. 


Mechanical Properties 


The effects of exposure in the deep ocean environments on the 
mechanical properties of the copper-nickel alloys are given in Table 
17. The mechanical properties of none of the alloys were adversely 
affected by exposures of 400 days at the 2,500 foot depth or of 
750 days at the 6,000 foot depth. 


Corrosion Products 


Qualitative chemical analyses of the corrosion products removed 
from 70 percent copper-30 percent nickel-5 percent iron exposed for 
751 days at a depth of 6,000 feet showed that they were composed of 
nickel hydroxide (Ni(0H)2); cupric chloride (Cu Clg); major elements, 
copper and nickel; minor elements, iron, magnesium, sodium, and traces 
of silicon and manganese; chloride ion as Cl, 4.77%; sulfate ions as 
50,, 0.80%; copper as metal, 43.63%. 


SUMMARY AND CONCLUSIONS 


The purpose of this investigation was to determine the effects of 
deep ocean environments on the corrosion of copper and copper alloys. 
To accomplish this a total of 1050 specimens of 46 different alloys 
were exposed at nominal depths of 2,500 and 6,000 feet for periods of 
time varying from 123 to 1064 days. 


Copper 


Copper and beryllium-copper corroded uniformly at all depths but 
copper was pitted during surface exposure in the Pacific Ocean at 
Point Mugu. The corrosion rates were practically constant and of the 
same magnitude after exposure for one year in sea water at the surface 
and at all depths in the Atlantic and Pacific Oceans. In the bottom 
sediments at the 6,000 foot depth the corrosion rates decreased with 
increasing time of exposure and were the same as those in the sea 
water after 35 months of exposure. At the 2,500 foot depth the cor- 
rosion rates both in sea water and in the bottom sediments were lower 
than at the 6,000 foot depth. Copper corroded at the same rate at the 
surface in the Pacific Ocean at Point Mugu as at depth. 

The addition of 2 percent beryllium to copper did not affect its 
corrosion rate. Neither MIG nor TIG welding affected the corrosion 


rate of beryllium-copper. 
Copper was not susceptible to stress corrosion cracking at a depth 
of 2,500 feet in the Pacific Ocean. 
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The mechanical properties of copper and beryllium-copper were not 
adversely affected by exposure at depth in the Pacific Ocean for periods 
of time of up to 2 years. 


Copper-Zinc Alloys (Brasses) 


Except for Muntz metal and manganese bronze the copper-zinc alloys 
corroded at rates which decreased asymptotically with increasing dur- 
ation of exposure both in sea water and in the bottom sediments at the 
6,000 foot depth. After 35 months of exposure the corrosion rates were 
between 0.2 and 0.8 MPY. At the 2,500 foot depth the corrosion rates 
in sea water were about the same as at the 6,000 foot depth but in the 
bottom sediments at 2,500 feet the rates were lower than in the sea 
water at 2,500 feet and in the bottom sediments at 6,000 feet. The 
non-conformity of Muntz metal and manganese bronze with the behavior 
of the other copper-zince alloys is attributed to the dezincification of 
these two alloys. 

Commercial bronze, red brass, commercial brass, yellow brass, 
Muntz metal, Naval brass, Tobin bronze, manganese bronze and nickel- 
manganese bronze were dezincified while arsenical admiralty brass, 
aluminum brass and nickel brass were not dezincified. 

Most of the copper-zinc alloys corroded at faster rates at the 
surface in the Pacific Ocean at Point Mugu than at depth. Commercial 
bronze and Naval brass corroded at slower rates, Muntz metal at a 
faster rate, and manganese bronze at the same rate at depth as at the 
surface in the Pacific Ocean at the Panama Canal Zone. 

Arsenical admiralty brass and Muntz metal were not susceptible to 
stress corrosion cracking at depth in the Pacific Ocean. 

The mechanical properties of arsenical admiralty brass were not 
adversely affected by exposure at depth in the Pacific Ocean while 
those of Muntz metal and nickel-manganese bronze were adversely 
affected. 

Corrosion products consisted of cupric chloride (Cu Cly), copper 
hydroxy-chloride (Cug(0H)3C1) and metallic copper, 36 percent. 


Bronzes 


Except for the silicon bronzes, the bronzes corroded essentially 
at constant rates with increasing duration of exposure both in sea 
water and in the bottom sediments at depths of 2,500 and 6,000 feet in 
the Pacific Ocean. The corrosion rates of the silicon bronzes initially 
were higher than the other bronzes but after 35 months of exposure at 
the 6,000 foot depth they were comparable with the other bronzes. The 
corrosion rates of the bronzes were higher at the surface in the Pacific 
Ocean at Point Mugu than at depth. 

The corrosion rate of phosphor bronze A was higher at the surface 
in the Pacific Ocean at the Panama Canal Zone and in Port Hueneme 
Harbor than at depth while those for silicon bronze and 5 percent and 
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7 percent aluminum bronzes were about the same at the Panama Canal Zone 
as at depth. 

The bronzes, except the aluminum bronzes, nickel-aluminum bronze 
containing 10 percent aluminum and the silicon bronzes, were corroded 
uniformly. These bronzes were attacked by selective corrosion whereby 
either aluminum or silicon was selectively removed with a layer of- 
metallic copper remaining on the surfaces of the specimens. Where an 
alloy is corroded by this type of attack, corrosion rates are not a 
true indication of the amount of corrosion because the weight losses 
are low due to the weight of redeposited copper remaining on the speci- 
mens. Hence in these cases, corrosion rates are not reliable indi- 
cations of corrosion damage. 

Phosphorous bronzes A and D, 7 percent aluminum bronze and silicon 
bronze A were not susceptible to stress corrosion cracking at depths 
of 2,500 and 6,000 feet in the Pacific Ocean. 

The mechanical properties of the phosphorous bronzes A and D were 
not adversely affected by exposure at depth in the Pacific Ocean while 
those of 7 percent aluminum bronze and silicon bronze A were adversely 
affected. This adverse effect is attributed to the selective corrosion 
of the 7 percent aluminum bronze and the silicon bronze A. 

Corrosion products were copper oxy-chloride (CuCl9°3Cu0-4H 20) and 
cupric chloride (CuCl9). 


Copper-Nickel Alloys 


The corrosion rates of the copper-nickel alloys in sea water and 
in the bottom sediments at both the 2,500 and 6,000 foot depths de- 
creased with increasing duration of exposure. However, the corrosion 
rates in the bottom sediments were lower than those in sea water. 
Copper=-nickel alloy, 70 percent copper-30 percent nickel containing 5 
percent iron corroded at much lower rates in sea water at both depths 
through 400 days of exposure than did the other alloys. These lower 
corrosion rates are attributed to the protection afforded the alloy by 
the hard, impervious film on its surface which did not start to deter- 
iorate until after 400 days of exposure; thereafter, the corrosion 
rates increased. The copper-nickel alloys, 70-30 containing 5 percent 
iron, 80-20 and 55-45 corroded at faster rates at the surface in the 
Pacific Ocean at Point Mugu than at either depth; those of 90-10 and 
Cu-Ni-Zn-Pb alloys were the same at the surface and at depth; and those 
of 70-30 containing 0.5 percent iron and nickel-silver were lower at 
the surface than at depth. The 70-30 alloy with 0.5 percent iron cor- 
roded at the same rate after 2 years of exposure at depth as it did at 
the surface of the Pacific Ocean at the Panama Canal Zone. 

Copper-nickel alloys 95-5, 90-10, 80-20, 70-30 containing 0.5 per- 
cent iron, nickel-silver and Cu-Ni-Zn-Pb corroded uniformly. The 70-30 
alloy containing 5 percent iron was attacked by crevice and pitting 
corrosion after 751 days of exposure at the 6,000 foot depth and the 
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55-45 alloy was perforated by crevice corrosion after 1064 days of 
exposure at the 6,000 foot depth. 

Copper-nickel alloys 95-5, 90-10, 80-20, 70-30 containing 0.5 per- 
cent and 5 percent iron were not susceptible to stress corrosion crack- 
ing at either depth in the Pacific Ocean. 

The mechanical properties of 95-5, 90-10, 80-20, 70-30 containing 
0.5 percent iron and 70-30 containing 5 percent iron copper-nickel 
alloys were not adversely affected by exposure at either depth in the 
Pacific Ocean. 

Corrosion products on 70-30 copper-nickel alloy containing 5 per- 
cent iron were nickel hydroxide (Ni(0H)9), cupric chloride (CuCl j) and 
copper metal, 44 percent. 

Because of the selective corrosion of the majority of the copper- 
zinc alloys, the aluminum bronzes, nickel-aluminum bronze containing 
10 percent aluminum and the silicon brzones, they would be unsatis- 
factory for use in sea water applications, especially for long periods 
of constant immersion at depth. 

Copper, beryllium-copper, arsenical admiralty brass, aluminum 
brass, nickel brass, the bronzes except the aluminum bronzes, nickel- 
aluminum bronze containing 10 percent aluminum and the silicon bronzes, 
and the nickel-copper alloys would be satisfactory for deep submergence 
applications because of their low corrosion rates, uniform type of 
corrosion, non-susceptibility to stress corrosion cracking, and no ad- 
verse effect on their mechanical properties. 


REFERENCES 


1. U. S. Naval Civil Engineering Laboratory Technical Note N-900: 
Corrosion of Materials in Hydrospace - Part I. Irons, Steels, Cast 
Irons and Steel Products, by Fred M. Reinhart. Port Hueneme, Calif., 
July 1967. 


2. . Technical Report R-504; Corrosion of Materials in 
Hydrospace, by Fred M. Reinhart. Port Hueneme, Calif., Dec 1966. 


3 . Technical Note N-915:; Corrosion of Materials in 
Hydrospace - Part II. Nickel and Nickel Alloys, by Fred M. Reinhart. 
Port Hueneme, Calif., Aug 1967. 


4. . Technical Note N-921: Corrosion of Materials in 
Hydrospace - Part III. Titanium and Titanium Alloys, by Fred M. Reinhart. 
Port Hueneme, Calif., Sep 1967. 


5)o . Technical Note N-605; Preliminary Examination of 


Materials Exposed on STU I-3 in the Deep Ocean - (5,640 Feet of Depth 
for 123 Days), by Fred M. Reinhart. Port Hueneme, Calif. , Jun 1964. 


21 


6. U. S. Naval Civil Engineering Laboratory. Technical Note N-695: 
Examples of Corrosion of Materials Exposed on STU II-1 in the Deep 
Ocean - (2,340 Feet of Depth for 197 Days), by Fred M. Reinhart. 
Port Hueneme, Calif., Feb 1965. 


Thee . Technical Note N-781: Effect of Deep Ocean En- 
vironments on the Corrosion of Selected Alloys, by Fred M. Reinhart. 
Port Hueneme, Calif., Oct 1965. 


8. . Technical Note N-793: Visual Observations of 
Corrosion of Materials on STU I-1 After 1,064 Days of Exposure at a 
Depth of 5,300 Feet in the Pacific Ocean, by Fred M. Reinhart. 

Port Hueneme, Calif., Nov 1965. 


9. Dr. T. P. May, unpublished data, International Nickel Company, Inc., 
Wrightsville Beach, North Carolina. 


10. W. L. Wheatfall. "Metal Corrosion in Deep-Ocean Environments", 
MEL R&D Phase Report 429/66, U. S. Navy Marine Engineering Laboratory, 
Annapolis, Maryland, Jan 1967. 


ll. U. S. Naval Civil Engineering Laboratory. Technical Note N-859: 
Corrosion Rates of Selected Alloys in the Deep Ocean, by J. B. Crilly 
and W. S. Haynes, PhD. Port Hueneme, Calif., Nov 1966. 


12. 3B. F. Brown, et. al. ''Marine corrosion studies: Stress corrosion 
cracking, deep ocean technology, cathodic protection, and corrosion 
fatigue. Third interim report of progress," Technical Memorandum 1634, 
U. S. Naval Research Laboratory, Washington, D. C., July 1965. 


13. E. Fischer and S. Finger. "Corrosion at 4,500 foot depth in 
Tongue-of-the-Ocean,"' Technical Memorandum 3, Laboratory Project 9400- 
72, U. S. Naval Applied Science Laboratory, Brooklyn, New York, Mar 1966. 


A. Anastasio and A. Macander. "Retrieval, examination and evalu- 
ation of materials exposed for 199 days on NASL deep sea materials 
exposure mooring No. 1," Technical Memorandum 5, Laboratory Project 
9300-6, U. S. Naval Applied Science Laboratory, Brooklyn, New York, 
July 1966. 


14, F. L. La Que. "Behavior of Metals and Alloys in Sea Water," 
Corrosion Handbook, 1948 ed., Edited by H. H. Uhlig, Wiley, New York, 
pp. 394-400. 


15. C. V. Brouillette. "Corrosion Rates in Port Hueneme Harbor,'' Cor- 
rosion, Vol. 14, No. 8, Aug 1958, pp. 352t-356t. 


22: 


16. C. R. Southwell, C. W. Hummer, Jr. and A. L. Alexander. ‘''Corrosion 


of Metals in Tropical Environments Part 7 - Copper and Copper Alloys - 
Sixteen Years' Exposure", NRL Report 6452, Oct 1966, U. S. Naval 


Research Laboratory, Washington, D. C. 


17. W. L. Williams. "Aluminum Bronzes for Marine Applications", 
J. American Society Naval Engineers, Vol. 63, 453-61 (1957). 


23 


aTQPTIeA 
90°0 
90°0 
€0°0 
€0°0 
€0°0 
€0°0 

STGeTAbA 


"ay ‘sqouy 
querzing 


add T/qtw I5 sKeq 
“AQTuUTTeS ‘ua3shxQ * dua, ‘aainsodxq 


SOTJSTI9VOePABYD 199eM WoOIJOG puUe suOTIeIOT AILS 


£0,611 
127,021 
127,021 
197,021 
$7,021 


1$7,021 


LE 021 


M 
*31T3u0T 


“T 9T9FL 


24 


Jeputeusy /7 
Kotte 3sea /€ 
gaded jo pua 3e saouetazei 0} Aeye1 stequny /Z 


gzaqunu Ao,T][e® uotzeToossy Jueudozeaeqg teddop /T 


—utTey) nOj-eg 
/€ 


n9-2g 


aeig Oo ‘aaddo9 


aeig 0 ‘azeddo9 


aeig 0 ‘1azeddo9 


—901n0S 


/@ 


Jyu8tem Aq queoteg ‘sataddop yo uot ztTsSoduoDg [eoOTWaYD °Z FT9PL 


25 


—901n0s 
/€ 


E 
“ 
N 


DPp 
one 
ooo 
zn es 


Ay 


eH 
ea} 


Wl 
c°0 
9°0 
WT 
6°0 
c°0 
c°0 
van 
8°0 
€°0 
S°0 
S°0 
£°0 
O°T 
L°0 
T°0 
TT 
Sal 
cl 
or" 
e°T 
Se Ik 
9° 1 


IJXISPsaeSpeSeEeeooySsLSHS SSH) 
SFENANFEFENNBESENBENBENNZEZENN ET 


uotsoii09 sXeq quou 
—jo odAj, *‘aansodxq —-UuOITAUY 


17 


/@ 


uotsoiti09 


sieddoj Jo uotsoizoD fo saedAy pue sazey uotTsoirz109 


"€ eTqeL 


teddo9-9g 
taddoj-2g 
Jaddo9-eg 


* zaddo9 
*zaddo9 
*zeddo9 
© zeddo9 
*‘zaddo9 
* xaddog 
* zeddon 
*zaddo9 
*gzaddo9 
‘zaddo9 
* zaddo9 
© zeddo9 
*zaddog 
* zaddo9 
© zaddo9 
* zaddog 
*zaddo9 
*‘ zaddo9 
*azaddo9 
‘ zaddo9 
* zaddo9 
® zaddoy 
*zaddo9 


ooo Roo ono kook enone o kono on ooo nono neone) 


26 


—901no0s 


/€ 


suyyoag - Wa 
B@dTAXID - 9 


+l 


uotsoiio0o9 Jo sedéj A0Z sjtoquds / 


*zoded Jo pua 4e saoueteyet OF ayer siequny / 


~m 


*sqUudUITpes WOR}0q Bay} UT peppequia atem suewtoeds 
aud JO suotjZiod Aamo, |yR FEY OS OANJONAAS FO Vseq UT pesodxg - § 
*g3n}onIJs JO septs uo JeqVemM Bes UT pasodxsa ATTeIOL - M /Z 


*sazequnu Ao[T][e uoTJeTIOSsSy JueudoyTeAeq teddop /T 


©‘ zaddo9-09g 
‘ zaddo9-0g 
©‘ zaddoj-9g 
—ieddoj-9g 
!9 y5ddo9-0g 
/9 y9ddo9-0¢g 
!9x3ddo9-09g 
S yaddop-0g 


/Sy5ddo -3 
Ig ons 


iO M 
WO) S 
S°0 M 
I -) M 
S°0 S 
9°0 M 
tr @) M 
S*0 S 
S°0 M 


uoTsori09 sheq quou 
—jo odKz, ©aqey ‘gansodxg | —uoirtaug 


1” 


uotsoii09 /@ 


(p,3u0s) sateddop Jo uotsotio0D FO sodXkj, pue sozey uotsortioD °¢€ eTqPL 


27 


ASED 

Peyo79 peeq pram Swiozxtup 

PT94 OIL 

PT94 DOIN 
SZeIBAB STTW Q°HT - BQ° HT 
WNUITXeU STTW QZ - Wo Z 

STTW QZ - Oc *o°T 
S[TTW a,eOTpUT Stoquinn 
wioFstun - 


[eieuey - 9 


(p,3U05) uoTsoti0o>s Jo sadAq A0yz stoquds 


(p,3U05) sitaddop Fo uotsori0g Jo sadAy pue sajzey uotsoii0D °¢ AaTqeL 


28 


‘yadeq 


pee et 


Zequnu AoT {Te uoTeToossy QueudoyTeneg szeddop /T 


aeIg QO ‘aaddog 
veigq Oo ‘azeddoy 


OLE? 
OVEC 


0/0 7 ON vao AOTIV 
*yq3ue73S ees 
Pesto wear secis, 2) PLOTA 


taddo9 JO uotsorI0D sseragS °4y aTqeL 


29 


uoTIesuoTy 


plan SIL /€ 


P1284 SIN /7Z 


Jaqunu AoTTe uotzeTOossy JueudoyaAeq teddop /] 


uq8ueaqs | yq3suerqs qusdiseg joog |sAeg 
PIETA a[tsuay | ‘uotzesuoT A] ‘yasuserzg7s |S yqsueaqs | ‘yujdaq 
aduey) JUddI9g PIOTA aTtsua] aainsod 
Sotjiedorig [eurst3i9 aan 


uoTsoiio) 02 ang sieddog jo satyZAadoaig [eoTUeYDoAY ul sadueug 


ae Vvdo 


“¢ OTGPL 


30 


AojTTe 3889) = /E€ 
aaded Jo pua 32 saduatayei 0} Jaya1 sioqunyn /Z 


djequnu Ao, {Te uotzeTIOSsy JueudojTaAeq teddop /T 


= sseig IN 

= ssbig 1V 
qdZ0°0 [Ge 

E Vy ezuoirg uy 
ees “CODE WCAG 
4480°0 at 

= TeIeW zquNy 

P TeIeW zQuN_ 

S sseig MOTTOA 


sV70°0O AQyleitupy [eoTuesiy 
sV¥/Z0°O AR eAyWpy [eo Tuesiy 
Gd 10°0> sseig MOT[PA 
f sseig [eB tTo1euMo09 

2 fs 2 ssPig poy 
azuoig [eT TI1LeuMIOD 


—303n0S us uz no —ON Vdd AOTIV 
/@ /1 


qUusTEM Aq JUuesdieg ‘(sesseig) sAoT TV 2utTZ-19ddop jo uoTaTSodwop ,[eoTWeYyD °*9 eTqGeL 


31 


—301n0S 


/€ 


(sasseig) sko[[V 2uTZ-iteddop Jo uotso1109 Jo sadAj, pue sazeY uoTsoi1t0D 


N 

(=) 
2 
a 


PPP V,POUVODD 


uoTsoii09 


—~jo od 
fg 


AEN THDAENOMNO TAKAO 
aHA RF OOCOCnOOOC 4 


° e ° oO 


Vv 


Vv 


we 
T°0O 
c°0 
T°0 
€°0 
9°0 
7°0 
70) 
9°0 
T°0 
9°0 
€°0O 
9°0 


*oqey 
uoTsSorI0O) 


sheq 
*agansodxq 


ZBNEFENZENAENEZENENE 


ZSFNEFENEFENESENEZENENS 


Juesu 
—-UOITAUY 


/@ 


azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
ezuoig 
azuoig 
ezuoig 
azuoig 
azuoirg 
azuoig 


sseig poy 
sseig pow 
sseig poy 
sseig pey 
sseig poy 
sseig poy 
sseig pey 
sseig poy 
sseig poy 
sseig poy 
sseig poy 
sseig poy 
sseig poy 


[eB yoOrAouM0g 
TetToremM0g 
ye To JaumMI0D 
[eto TauMU0D 
[eto reumi0g 
[eto 1euMI0D 
[ETO JauM09 
TETO 1euM09 
Te ToTeuM0) 
[eto reuMI0D 
[eT Teum09 
[eto JswMU0D 
[Te TO TeuMli0D 


°£ P19eL 


32 


Ayyesqyupy sv 
Ajj eayzupy sy 
AQ [eiTUpy sV 
AQ eITUpy SV 
AqyTeawipy sv 
AQ [eITWpy sy 
AQ, eI1TUpy sV 
AA TePATUpY sv 
AA eITWpy sV 
AQ[e1TUpy sv 
Aayeatwpy sy 
AQ[eIyUPY sV 
Aqye1Twpy sy 
AQ [e1TWpy sv 
AQ [e1yUWpy sV 
AQyTesrywpy sV 
Aqyeatwupy sv 
Aqyeatupy sy 
Aj, e1yWpy sy 
AQ [e1yUpy sV 
AqTe1TUpy sV 
Aq [e1yupy sv 
Aj eiywpy sy 
AQT e1yUpy sv 


eS) 


e 
oa 


° ey Wor CebeKe) ames pre, 
oaArrwATFOOCCOCOCOOCOCCOCOnR 29,2 oOoOnefF 


n 
n 
n 
n 
n 
n 
n 
n 
n 
n 
n 
n 
n 


ol 
n 
pQ 
oO 


SHADOONWDAANONRNYTNNNOONHOUOtTAMO 
SENN SENNSENNESEN FENN SRBNNSE 


PryrrPyF.yD 


sseig MOTOR 


N 
A 
ie) 
a 
Ne) 
o 
3 


sseig [ee toreuo0pD 


N 
(=) 
i¢p) 


jes uoTsori0)g skeq quou 
—jo odhy, ‘aansodxq | —-uoi1TaAuq 
1” uotsoit09 /¢ 


(p,3u05) (sesseig) sho,[y outz-1eddop) Jo uoTsor1I0D Fo sadA] pue sazeYy uoTso1I0oD °/ eTGeL 


33 


ee°z “WOT 
‘ad ‘za 1S 
n 

Za $ 

Za $ 

za s 
VAC) 
ISdD 

Za ‘IS 

Za $ 

2d ‘IS 

n 

za ‘1S 

n 

Zd ‘IS 


e e ° ey ° . 


OANNONDADONOM~M DOF 
ANA ANNA OMAHA NOCOO 


BEnNNBSBENNESEBENENG 


° 


° ° e ° ° 


SBNENZENENSEN 


Lee 
0 
6°0 
c°0 
6°0 
c°0 
9°0 
9°0 
SG 
(a0) 
O°T 
SU 
wy Il 


—391no0s AdW sXeq queu 


/€ 


‘aansodxy —-uorTAUY 


/@ 


uoTsoi109 


(p,3u09) (sasseig) shoT1V outz-aeddogj jo uotsoii0og jo sedAy, pue soeYy uotso1r10p 


TeION 
TeIOW 
[BION 
TeIOW 
[eI8n 
TeIOn 
[eIOW 
Te2ON 
LTeIOn 
TeI98W 
1 2272eW 
TeI8W 
TBION 
TeIeW 


zquny 
zquny 
zauny 
zquny 
zauny 
zquny 
zquny 
zquny 
zquny 
zquny 
zqunW 
zqunyW 
zquny 
2qunW 


sseig MOTTeOA 
SSPIg MOTTOA 
SSP1Ig MOTTOA 
sseig MOTI[AA 
sseig MOTTOA 
sseigq MOTTOA 
sseig MOTTOA 
sseig MOTTOA 
ssPig MOTTOA 
sseig MOTTAA 
sseig MO[[2A 
sseig MoTTOA 
sseig MOTTA 


"2 eTqPL 


34 


DQDO~ADNOONNAN OAD 
NANNONRNN HTH HOCO st 


—aoInos uOoTSOII09 skeq quau —°ON Vd9 


/€ 


jw (Ze 
U uoTtTsoii0g 


(p,2u09) (sesseig) sAO[[V 2UTzZ-deddopj Jo uotsozi0og Jo sadA], puke saqzeYy UoTSO1109 


aaatqataataatdtdatdcadadad 


azuoig 


sseig 


Tern 
1eI9W 
Tee 
TeIOW 
TeIeW 
TeI8W 
TeI98n 


Tew 
TeI98W 


ezuoig 
azuoig 
azuoig 
azuorg 
eazuoig 
azuoig 
azuoirg 
ezuoig 
azuo1g 
eazuoig 
azuoig 
azuoig 
azuoirg 


utqoL 
TeARN 


zquny 
zquny 
zauny 
zjuny 
zauny 
zyuny 
zquny 


zqunyw 
zquny 


"2 eTqeL 


35 


ANAAMNMN 
aoa HoO 
SzSnren 


e 


. ° ° e e 


8°0 M 
T°O Ss 
€°0 M 
T°0 S 
S°0 M 
8°0 Ss 
c°0 M 
T°0 s 
€°0 M 
T°O ) 
7°0 M 
S°0 ) 
L£°0 M 


ad 


eo 


mMtNNstODS 
SCOONCOHNSO. 
SENS EN ZENS 


—301n0Ss uotsoi109 Ad sXkeq quoeu 


/€ 


—jo adj, *a7ey ‘sansodxg | —-uoitaug 
19 uotsoitit09 /¢ 


(p,3u00) (sesseig) sho{[y 2utzZ-1eddop Jo uotsoii10D Jo sedA], pue sazeYy uoTSOrI0D 


—9zuo0ig 


[9 


SSb1Ig-IN 


ssbig- 
sseig- 
sseig- 


sseig 
sseig 
sseig 
sseig 
sseig 
sseig 
sseig 
sseig 
sseig 
sseig 
sseig 
sseag 
sseig 


¥N 
¥N 
IN 


TV 
IV 
IV 
TV 
IV 
TV 
IV 
IV 
IV 
IV 
TV 
IV 
IV 


ezuoig UW-IN 
ezuoig UW-IN 
azuoig UW-IN 
azuoig UW-IN 
azuoig uUW-IN 
azuoig UW-IN 
azuoig UW-IN 
azuoig UW-IN 


“ZL 9TqPL 


uW- TN 


36 


SUT] JUSUTpes MOTeq [eAeuey - ‘TSaD 


yezsuey - 9) 
eATSUSRXY - Xa 
Bupyoqg - La 
uoTzeoOTyPoOuTzZaqd - za 
adTAVID - ) 


uoTsoiIi10o> Jo sadky 10; stoquds 
aeded Jo pua 3e sadUateyet 02 Jayai srequnn 
sjUaUlTpes wWoI}J0q ay} UT peppequie aiemM susultoeds aya 
JO suotjiod AaMoyT ay? EU OS |ANQONIAAS JO oseq uyT pesodxyg - § 


aanjzoniqs JO sapts uo 103eM Bas UT pasodxe ATTeIOL - M 


Jequnu Ao,TTe uotAeFoossy JusudozeAeq iteddog 


On~OnNnOoOnn nA eS 
peHOOCOCOCOCOO eK 
Vv Vv 


ZFNESNSEN ZENE 


n 
LH 
n 
ON 
n 
n 
n 
n 
a 


—201n0S uozTsozi09 sXeq quow —°ON Wad 


/€ 


—jo adj, ‘agansodxq | —-uoaiqTaug /1 
Po uoTsoiri09 [@ 


Sse1g-IN 
sSsPig-IN 
ssP1ig- IN 
SSP1g-IN 
SSPIg-IN 
SSPIg-IN 
sSb1g-IN 
SSPIg-IN 
sseig-IN 


(p,3U09) (sasseig) sho[[y 2ufZ-iteddopD jo uotTsoii0D jo sedkj, pue saqzey uotsoii0oD °/ eTqPL 


37 


AOTT® 38e9O 19 
azaoeds qy «/¢ 


SZPIBAP S[TW Q°HT - BOQ°HT 
wnuTxXeul STTW QZ - wOZ 
STU OC OC eat 
S[TW aJeOTpUyT sraquny 


Adan - A 
wiostun - ni 
aygtis - 1S 
VABAVG = S 
Suyaatd - d 
wiojytTun-uoN - ON 
aIeIepon - OW 
wuntpe - qn 


(p,3u09) uoTsoti0>s Jo sad&kq 103 sjtoquks /¥% 
Ly 


°2L aTqeL 
(p,3U09) (sesseig) sho, TV 2utTzZ-teddop Jo uotTsoitoDg Jo sad], pue sazey uotsoiiz09 ZL eTGeL 
r) 


38 


ooooo9c”o 


0 
0 
0 
0 
0 
0 


€ 


(sesseig) sXo,[V 2utzZ-teddoj Jo uotsoii07 ssairqs 


qa07 
adoag 
oinsodxq 


sheq 


ZJequnu Ko, [#® uoTIeToossy Juewdotereq raddop /T 


0/0 
*yq3u913S 
aT Tsus] 


*ssazas 


/ 


(0) 
T N Vado 


TeIeW zQuny 
TeIeW Zquny 
Tere zqIuNW 
TeaeW zjuny 
leyen zqunyW 
TeaeW zquny 


AQ [ei qUpy 
A} e1yupy 
AQ [B1TUpy 
A} B17Upy 
AQ [eATUpY 
AQ eIyUpy 


“8 eTqeL 


[eo Tues Izy 
[eo Tuesiy 
leo Tuasiy 
[Bo Tues Iv 
Teo Tuasazy 
[eo Juesiy 


39 


asuey) Jusd1eg 


queodieg 
uota 
-e3u0lq 


Aojte 3se8D =/Z 


azaqunu Ao,][e uoTzepPOossy JueudoTerAaq steddopD /T 


skeq 


—'ON V 
li N Vado 


UOTSOIIOD OJ oNg (Sesseig) sAoT[y 2UTZ-Ateddop jo satjtedorzg [BOTUBYDeW UT sosueud 


—ezuoig UW-IN 
/@s2u031q uW- TN 
/Co2u0 49 uW- TN 
/eo2u01g Uj- TN 
/es2u04g UW- TN 
/eozu01g uW- IN 


/¢ 


TeIen zquny 
Tea zAunyW 
TeI9eW zqQUNW 
yeqIeW zqIuUNyW 
TeIenW zquNnW 
TeIeW zauNnW 


AQT BATUpY 
AQ [er TUpy 
AQ e1TUpy 
AQ, e1;Upy 
AQ] eB ATUpy 
AQT eitwpy 


Teo Tues 1y 
Teo Tuesiy 
[eo Tuesiy 
yeoTuesiIy 
yTeoTuaesiy 
[eo tues ry 


°6 eTdeL 


40 


/é 


201nog 


Aq 


Aoqtzte 3se89 =/E€ 


teded jo pua 32 saduatayet 02 Aaye1 saequnyn /Z 
Zequnu AoT{e® uotzefoossy Jusudoyeaeq ateddop /T 


quadteg ‘(sezuoig) sSo,{[y irzeddop jo 


Noon stston 


OoOoOoOCOOnD 0 + 


uot a tTsoduiog TeoTWeaUD 


—) ezUu0Ig 9e/\-TIN 
/€o azuoig 9eA-IN 
[by azuoig eeA-IN 
/€ WV ozuoig TS 

WV ezuorg Ts 

4E Saezuoig TS 
€# ezuoig [V-IN 
c# GZUOTG TV-IN 
T# 9Z2u0rg TV-IN 
<ZLEL “azuoig TV 

[ory ‘ezuoig 1V 

/eoot ‘ezuoig LV 

HE %L ‘azuoig TV 

qd ezuoig IV 

azuolig IV 

ezuoig TV 

qd ezuozg toydsoug 
VY ezuorg i10ydsoyug 
VY ezuoig zoydsoug 
VY ezuoig 1oudsoug 
—8Zzu0Ig ug popesT 
/€ —ozu0I1g W 
=ozZu01g beats TpOW 
/€ —ezuoiIg 9 


/€ 


“OT PTIFL 


41 


azuoig 
azuoig 
azuojrg 
azuoirg 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
eazuoig 
azuoig 
—ezu0Ig 


/S 


PoOTtF TPOW 
Pots FPOW 
Pots FTPOW 
POT FPOW 
Pets TPO 
Poets tPOW 
Pets TPOW 
POTFTPOW 
Pots TPOW 
PotFTPOW 
Potz TPOoW 
Pots TPOW 
Pots FPOW 


WOtAnRSTTNNANMNGAE 
oooocqc”jcooqocooc°co 4 
Vv vw 


ZFNESN BN SNENSENE 
HVouUuUNVVVVVVN09 


. 


azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoirg 
—azuoig 


1S 


ww 


SNSNENSENENENE 
HVoOUDUDOVVVVVINNYN 


€°1 
T°0 
€°0 
T°0 
c°0 
7°0 
€°0 
€°0 
L°0 
Le 
L°0 
€°0 
S~0 


jee uoTSOIIOD) haw sheq quow 
Ee add, ©aqey *aansodxq —-uoiTAUY 
ul uoTSOIIOD /e 


(sezuoig) sho,T{y teddop Fo uotsoii0oDg Fo sadA], pue soqeYy voTsoO1I0D “TT eTqPL 


42 


—901n0s 


/€ 


7 aN 


FNMNFONTZTMNN APN +t 
ooocooomoocoocn 


Sa) 
Dopp puaDD EDAD 
SNZFN ZEN SNSNENE 


aS i. i a 90 SS i BO eo) 
oooo0oooqoqoooeooccdc 4 


wv 


° ° ° ° ° 


EAe a OSes Oy Uns Al 


1) 
a 
n 
Gl 
n 
n 
n 
an 
n 
nl 
n 
n 
n 


uoTtsoii09 Adan sXeq quouw 
—jo odd], *a7ey *‘aansodxq —-UOITAUq 
1% uotsoii09 /¢ 


(p,3u09) (sezuoig) sfhoj{{y 1teddop yo uotsoiztoD Jo sodA], pue soezeYy uoTsori0D 


azuoig 
azuoig 
azuoig 
azuoirg 
azuoig 
azuoig 
azuoig 
azuoig 
ezuoig 
ezuoig 
azuoig 
azuoig 
—ezuoig 


/S 


us 
us 
us 
us 
us 
us 
us 
us 
us 
us 
us 
us 
us 


azuoig 
azuoig 
azuoig 
ezuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoirg 
—azuo0ig 


/S 


“TT 21T9PL 


pepeet 
pepeetT 
pepeet 
pepeet 
pepeet 
pepeet 
pepeet 
pepeet 
pepeet 
pepeat 
pepeet 
pepeetT 
pepeet 


AAAADAADAADRALAA 


43 


In tN 
ooo 
zn s 


H B H 
ie) APPPDODD olH 


MIO OOOO) ©) oo°o SOE ONS One 
FENN ESEENN SSN SSN SSENN SENN SS 


9 
T 
G 
c 
c 
T 
L 
€ 
W) 
€ 
a7, 
¢ 
oe 
T 
€ 
c 
T 
€ 
€ 
4 
y) 
v 
S 
9 


—291n0s uoTtsoi109 Ad skeq Juou 


ie 


—jo addy, *aqey *‘aansodxq —-Uuo0ITAUA 
1% uotsoiti09g /¢ 


(p,3U02) (sazuoig) shoT[Vy teddop Jo uotsoiiog Jo sad] pue saqzey uofsoit0) 


AAA 


taddqt4t4¢qtqdtqddqrtateddtertrtedaedadeteatacc 


“TT STIPL 


azuoirg 
azuoirg 
azuoig 


azuoig 
azuoig 
ezuoig 
eazuoig 
azuoig 
azuoirg 
azuoig 
azuoig 
azuoirg 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoirg 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 


Au Pa Pa 


Pu Pa Pa Ay Ra Aa Ay Aa Ay Aa Ay AY AY AY AY AY AY AY BY AY AY AY AY AY 


44 


Nw mM + 
Soe © 
SEeEnNW 


Vv 


SNESNENSZSENENENSE 


tu 
T’0 
c°0 
c°0 
7°0 
c°0 
c°0 
c°0 
c°0 
€°0 
T°0 
c°0 
7°0 
9°0 


° 


AMATI N AeA 
oooooo°o 4 
vv 


NESnNEnN Ene 


—301n0s uoTso1109 AdW sXkeq Juow 


/€ 


jy? adAq, *o7ey ‘ainsodxqg | —-uortauq 
uoTSOII0D /¢ 


(p,3u02) (sezuoig) sXkoj{][y teddopg jo uotsorx09 Fo sedAj, pue sazey uotsorti0) 


*azuoig 
*azuoirg 
*azuoirg 
*azuoig 


*azuoig 
*azuoig 
*azuoig 
*azuoig 
*azuoirg 
*azuoig 
*azuoig 
*azuoirg 
*azuoig 
*azuo0i1g 
Sazuoig 
*azuorg 
*azuoirg 
*azuorg 


azuoig 
ezuoig 
azuoig 
azuoig 
eazuoig 
azuoig 
azuoig 
azuoig 


AAAAARAAAA 


“TT PT9FL 


doae 
aqatataa 


SS slistististstet. ikke 
aqaqaatqataadqataeqdetartdtartste 


Aa Pa Aa Aa Aa Ay Aa AY 


45 


NO 
Vv 


m~wormrtm o 
ooo 0 


° ° ° . . 


° ° . 


Vd OW 
L$) 
va 1S A 
8) 


. 


8°0 
6°¢ 
U@ 
GO 
c°0 
(aa) 
c°O0 
T°0 
SO 
€°0O 
GO) 
GO 
c°0 
Saal 


P6°L SWZT 
sh OOS S\xkal 
vd 

BOT “wor 

‘EL “OD ‘VG 


Bg°9 “UT 
SG 78) Ba 


Adw skeq quow 
Saqey ‘ainsodxg | ~-uoitaug 
uoTsot4109 [¢ 


(p,3uo09) (sezuoig) so, Ty teddop fo uotsorzi99 yo sadAj pue saqzey uotsois0) 


“01 
“01 
%O 1 
von 
LO 1 
=40 1 


tL 
hk 
hl. 
tol. 
fol. 
a4 
hb 
tol. 
bL 
hl. 
‘hl. 
‘hb. 
hh 
we 


te 
AL 


‘ol. 
‘Ale 


Be 


©azuoig 
Sazuo0i1g 
*azuoi1g 
©azuoirg 
Sazuoig 
*azuo0ig 


*azuoig 
*azuoirg 
*azuoirg 
*azuoirg 
*azuojig 
*azuoig 
*azuo0ijg 
*ozuo0irg 
*azuoig 
*azuojlg 
*azuo0ig 
*azuoig 
*9zu01g 
*azuoirg 


© azuoig 
*azuoirg 


*azu0i1g 
Sazuoig 


*azuo0ig 


“TT 9PT9PL 


46 


—a0inos 


/€ 


Mmm ornnwmnwo 
SOOO 4 ONO 
Vv 
Te (0) Es (A) =) ca) = 


. 


v wv 


Ww 


SNZSNZSENENENBN 


T°O 
c°0 
T°0 
(aa) 
c°0 
T°0 
T°0 
8°0 
TO 
T°0 
70 
S*0 


Vv 


NSOMON MNS 
eS) Oooo Gg! 


ZPNEN EWN 


uoTSOII09 Adw skeq quow 
—jo oddy *97ey “aansodxq | —-uoirtTaug 
{9 uoTsoiiog) /¢ 


(p,3u02) (sazuoirg) sho{{y teddop Fo uotso1109 Fo sed], pue sazeY UOTSOII0D 


“ET ‘azuoig 
“LET ‘azuoig 
“LET ‘aezuoig 
“ET *‘azuoig 
“ET ‘azuoig 
4ET *‘ezuoig 
jerel ezuoig 
ZIT ‘ezuoirg 
4%TT ‘azuoig 
%TT ‘aezuoirg 
4% ‘aezuorg 
ZIT ‘azuoig 
ZIT ‘ezuoig 
ZT ‘ezuoig 
ZT ‘azuorg 
411 ‘aezuoirg 
ZIT ‘ezuoig 
“ZT ‘aezuoiag 
=—{IT ‘azuorg 


YOT ‘ezuorg 
YZOT *ezuoig 
YO T ‘ezuorig 
LOT ‘azuorg 
YO I ‘azuortg 
4OT ‘ezuoirg 
ZO ‘ezuosrg 


“TT 919PL 


47 


/€ 


NOMNFAONNNOM 4 
coooocoo0oocosd 
ZBnN2EneEneEnEN 


oooox700cno°o 
Vv 


SeNENESENENEN 


iT 
€ 
c 
T 
€ 
I 
T 
€ 
c 
Wy) 


NBENZEnNS 


—301n0s uoTsoiiz09 quow 


—jo odéj ©aqey *aansodxy —-uoITAUq 
/% uotsoiliog /¢ 


(p,3u09) (sezuoig) skoj[Ty itaddop jo uotsoitoD Jo sadAy pue saqey uotsor109 


Ci 
CH 
C# 
Cit 
Cit 
CH 
CH 
C# 
CH 
CH 


TI 
I 
1 
T 
T 
T 
I 
IT 
T 
a 


Su 


*azuo0i1g 
‘azuoiag 
*azu01g 
*azuoirg 
*azuoig 
Sazuoig 
*azu0I1g 
*azuoig 
*azuo0i1g 
*azuoirg 


#6 azu0rg 
#§ ezuorg 
#6 ezu0 rg 
#6 azu0rg 
#° ezuorg 
#6 ezUOIAg 
#6 ezu0rg 
# fazuorg 
# S azuorg 
# Sezuorag 


TV- FN 
TV- TN 
IV-¥N 
TV-¥N 
TV-TN 
TV- TN 
TV- IN 
IV- TN 
TV-#N 
TV- TN 


TV- EN 
TV- IN 
TV-TN 
TV- IN 
TV- EN 
IV- TN 
IV- TN 
IV- IN 
1V- IN 
TV-TN 


4ET Sazuorg [V 


he 1 


Sazuorig [V 


“ET Sezuorg LV 
“%ET ‘ezuoig [V 


hE L 


*azuoig LV 


ZET “ezuo0ig TV 


21921 


48 


° ° e ° ° 


MOANTOMOSTA ANNE 
eat OHnWOOCOCOHOHO 
SBNENENESNEZENBENSES 


Olan 


+ 


Ay 
popBupaSo5 


Bb 
ica) 


SFMNNANAHANMN 
ooooooooo0°o 
SNEN EN ESN ZEN 


NAO 
oon 
zune 


eos uoTtsori0n skeq quow 
/ —jo od4éj, ‘aqey ‘sansodxy | —-uortTaug 
/9 uoTSsoi10D [¢ 


(p,3u09) (sezuoig) sXho{{y teddop Jo uotso110j Jo sodA], pue sazeyY uoTsot10D 


vas 
oe 
he 
oe 
ina 
ras 
vas 
AS 
he 
Toe 
ras 
ras 
vAS 


*azuo0irg 
*azuoig 
*azuoirg 
©azuoig 
*azuoig 
Sazuoig 
*azuoig 
‘azuo0irg 
Sazuoirg 
*azuoig 


‘ezuoirg 
*azuoirg 
Sazuoig 


*azuoirg 
*azuoig 
*azuo0irg 
*ezuo0lrg 
Sazuoig 
Sazuoirg 
Sazuo0irg 
*azuoig 
*azuoirg 
*azuoirg 
Sazuo0ig 
*azuoig 
*azuoig 


“TL 9T9FL 


TS 
Ls) 
TS 
TS 
tS 
TS 
tS 
TS 
TS 
tS 
tS 
i) 
TS 


TV- EN 
IV- 
TV- IN 
TV- EN 
TV- IN 
IV-TN 
1V- TIN 
TV- EN 
TV- $N 
TV- EN 


N 


IV-TN 
TV- EN 
IV-¥N 


49 


° 


~n oO 
ooo 
Zanes 


aa 2] oe 45 
Ate eA A TOO TFOCOO FOOT OoOOOsA 4 


SENNBSSENNSSEN SENS SNNS ENNSE 


9 
8 
I 
8 
8 
0 
c 
9 
i 
6 
Wy) 
00 ‘IS 9” 
6 
i) 
8 
(4 
8 
c 
c 
S 
8 
u/ 
9 


—20ino0s uoTsoii09g Adw skeq quew 


[€ 


—jo odéj *a7ey ‘oansodxy | —-uoartaug 
/9 uoTsoiti109 Ie 


(p,3u0) (sezuoig) sAo[]{y teddop jo uotsoii0g Fo sadAy, puke saqzey UOTSOIIOD 


WY ezuoig se/A-IN 
WV ezuoig adA-IN 
—V ezuorig 2eA-IN 


/S 

azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
ezuoirg 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
eazuoig 
azuoig 
azuoig 
eazuoig 
azuoig 
azuoig 


tatqaqaeadtqaaqaddtateatdtaeadttrtrtetwrtaac 


“TT SLges 


ered eest iepstalopel nerd inter mert iter ilerditertinerst 
ANNNNNHNnNHNHNnNNN 


edie 
ANnNnNNNN 


ood ed 


50 


Ay =) 
co mm © 

qo SyOr®) 
= 


e 


wv 


ER 
fr) 


QV o.9 Oo Geo => 
w 


SOS aS on Sa Sn Sins 


8 

it 

a c 
fiN 1 
fl 9 
a Wy 
o oe 
n € 
n S 
a qT 
fh S 
ia 7 
9 


WENA 


ONONDOTOC COON 


NOAtNMNOAYSHO 


—921n0S uoTsoiri09 Aan sXeq Juow —"ON Vdd 
ft —jo addéj *a7ey “aansodxyq —-uUOITAUY /1 
/% uoTSOII09 /¢ 


(p,3u09) (sezuoig) sAoz{y teddo5 jo uotso1i09 Jo sadAy pue sozeYy uoTsor109 


t¢tettcadaadaace 


azuoig 
azuoig 
azuoig 


azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoirg 
azuoirg 
azuoirg 
azuoig 
azuoirg 
azuoig 
ezuoirg 


azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuorg 
ezuoig 


“IT 290GEL 


2eA-IN 
22A-IN 
aeA-TN 


9°A-TN 
9°A-TN 
2°A-TN 
929A-TN 
92/\-TN 
2°A-TN 
99A- TN 
9°A-TN 
29A-IN 
22A-TN 
9°A-TN 
9°A-TN 
20fA-IN 


99A-TN 
9°A-TN 
99A\-IN 
99A-IN 
3eA-TN 
9°A-TIN 
9eA-TN 
9°A-TN 
29A-TN 
9eA-TN 


51 


UOTIEO TF TU TUN] esq 

Sut izeqe19 

“UOTIBEOTFTOUTZep OF APT JWTS soeyAns 

uo saeodde teddoo srzaym yoerQRe BATIOETES eB *Butrzeddop 
aotAer9g 


va 


) 


uoTsoii0s Jo sedA3 10; szoquids 


*zeded Jo pua 3e saoUateyai 02 Aaya sirequny 


*sqUauUTpes wWoz}Z0q ey} UT posodxe sem uaultoeds 


yoee Jo uotzjzod e ey} OS aiInjZONIZs Jo eseq uz pesodxg - § 
*9anjonijzs JO sapts uo 10,7emM eas ut pesodxs ATT{eRO]L - M 


*szequnu Ao, [eB UoTIeFIossy Jusudojtaasq 1tsddop 


° 


NAFnNEHN EN BENS 


8°T 
ut @ 
9°0 
T°0 
8°0 
€°0 
S°0O 
7°0 
O°? 
c°0 


—3091Nn0S uotsoit109 Adn skeqg quoul 
/€ —jo adAj ©aqey ‘aansodxq —-UOATAUY 
/% uoTsoii09 /e 


(p,3u05) (sazuorg) sko[Ty teddop Jo uotsorzz0D Fo sodA], pue sozey uoTtsoriog 


OCUUTDVOO009 


“TI 


azuoig 
azuoig 
azuojag 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 


a1qeL 


~ 
+l 


~~ 
ol 


52 


(p,3u02) (sezuoig) sho, {Ty teddop Jo uotsoii0) jo sedAj, pue soqzey uotsoii09 
LY 


Ajuo eaie [Tews suo ut /6 
aoTAeID 4V /8 

deoeds ay /L 

WNWTXeU STW Z{ ‘JUeWTpes woq}0q UT B3UTIITd /9 

Aojye® 3seQ  /¢ 

aseIBAe STW Q°HT - eQ°HT 
unuyTxXew sTTW QZ - wWQZ 
STHW OC - 0% *9°FT 

S[IW a}eOTpUT sioquinyn 
AdaA - A 
waoFTuf) = a 
aysTIS - 1S 
alaAeg - S 
SuTqz3td - d 
wioytun-uoN - ON 
azerepon - OW 
wnTpeW - an 
quetdtouy - I 
BUTI JUSUTpses MoTeq [etauey - ISd9D 
[ereue) - 5 
Zeqzem ay ut AzTUO peysqIq - Oma 
sutyoqg - La 

(p,3U09) uotsoit0> jo sadAj 105 stoquks /# 

“TT eT9FL 


53 


oo 


Se ogee eae 


B NANMMOM OY NNNOMYNOMMH MO NANNYDNMMNMM 


0 
0 
0) 
0 
0 
0 
0 
0 


ooooo°o 


petted pesodxy 


suautoad 


qe04 
“yadaq ‘yq3ue79S *ssotq4s 


(sezuoig) sko,T [Vy taddop Jo uotsoizop ss91j7s 


“éT ST9deL 


AAAAARAAAA 


aqaqaatqa<at< 


azuoig 
azuoig 
azuoig 
azuoig 
azuorig 
azuoig 
azuoig 
azuoig 


azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 


azuoig 
azuoig 


azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 


ioudsoug 
1oyudsoug 
ioudsoug 
ioydsoudg 
Zoudsoug 
1oudsoudg 
iJoudsoug 
ioudsoudg 


zoudsoud 
toudsoud 
i1oydsoud 
toyudsoud 
1oydsoug 
zoyudsoug 


54 


gzequnu Aoj[[e uotqetToossy Juaudoyzaneq tzeddop /T 


peTteg posodxy }2907 sheq oH 
‘yqdaq ‘yq3ue73S 


(p,3u05) (sezuoig) sho, TV teddop Jo 


Is 
*ssoaas 


uoTSOAIIOD SS2I3S 


“71 P19eL 


azuoig 
eazuoig 
azuoig 
azuoig 
azuoig 
azuoig 


55 


azequnu Aoj][e uotzetToossy JuseudozerAeq steddop [ii 


qd 
da 
a 
a 
ad 
qd 


aatadac 


904 sXKeq | —"oN Vvao 
‘uqdaq T 


asueuy 4uadteg ainsodxy 
Set}todoig [PUTSTIO 


UuOTSOAIOD OF ang (Sezucrg) sAo{{Y teddoyj Fo satjrAedorg [edTUeYDS_ UT sasueyD 


azuoig 
azuoig 
ezuoig 
azuoig 
azuoig 
ezuoirg 


azuoirg 
azuoig 
azuoig 
azuoig 
azuorg 
ezuo0irg 


“Sl ©) 


azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
azuoig 
ezuoig 


azuoig 
azuoig 
azuoig 
azuoig 
azuoirg 
azuoig 


ioydsoud 
ioudsoug 
zoydsoudg 
ioud soug 
a1oyudsoug 
ioydsoud 


i1oudsoug 
ioyudsoud 
zoydsoud 
ioudsoud 
ioydsoug 
toyudsoug 


T98L 


56 


—201n0S 


/7@ 


ys Tem 


AoT Te 4se9 


jeded jo puo ye saduateyoeI OF Jayear sirequny 


Zaqunu Ao,,e uoT,eTOOSSy JQueudoyTeAeq Jeddop 


~ 


(oe) 
~ 
det FH OOOONoe 


sa) 


uw) 
ooornoo0°ccor 
N 
Nott oonone 


0 
ZL 
v7] 
€ 
Zz 
€ 
€ 
S 
€ 
S 


om © 


hq quedteg ‘skoT TV [eyoIN-teddoy jo uotztTsoduiog [eo TWeYD 


at 


A9IATTS 
qa-u 
G4-S6 
O€-04 
0€-0/ 
0€-04 
02-08 
02-08 
—01-06 
/€o1-06 
01-06 
GGG 


eTqel 


— 
roa) | 


~ 
NI 


/T 


- [24° IN 
Z-TN-nO 
“IN-n9 
*IN-n9 
*TN-n9 
“IN-n9 
*IN-n9 
*TN-N9 
“IN-n9 
*IN-N9D 
*IN-n9 
“IN-n9 


D7 


/ 
/ 


—291n0s 


/€ 


ZOONI 
TION 


—OONT 
° THON 


THON 


THON 
THON 
THON 
THON 
THON 
THON 
THON 
THON 
THON 


. 


Tesasgaeaqoeeocqe = 
Vv 


Zoo e =] 2 = 


— 
a) 


II 2e2ec 2 5 
ODNAAOUOMmMHAMONMNA OOM 4G 
o 


D 
Cal 


ZSeNBenesnsen 


uotsoiri09 Ray skeq quow 
—jo adh, ‘oq eyY ‘aainsodxq —-UOITAUY 
1% uotsoliog [¢ 


sAO[ LW [eXDtN-teddog Jo uotsoii0g Jo sadA], pue saqzey uoTsoi1i0D 


“CT PT9FL 


58 


HOODOO 
v 


THON 
-OONT 
76 
THON 
;ZOONI 
POTaON 


cen 
So 


ADMDMOONnN~HANHO 
o 0 eh tek sha re® We) Hare 


SENN EFSMNN SEN SEN EZHNWS 


. 


Cs Be ee es oS 


g 
G 
T 
c 
6 
c 


ooo 2 oO 0 © 4 


OM N AHA OAMmM ae 
SEzoOwWBESnS 


ro) 


ees ucTSOAI09 Ad sheq quoew —°ON Vad 
ft —jo oadAjq, aq ey ‘aansodxq —-UOITAUY /1 
/7 uoTSOZ109 [@ 


(p,3uos) sho {TV TexOTN-1teddog Fo uotsort0g Jo sadA] pue saqey uOoTSOAIOD “*GT eTqPT 


59 


—901n0g 


/€ 


e 
2 
B 
V 


NMOMNOAONDNNANEDMEMONONDAN ANOS 
HHOOFnFFOOCOOCOCOCCOCOCOCCeCCOCeo 


SBENNSESENNSE SN SENS SZSENNBGSZEHN 


n 
n 
n 
n 
19) 
n 
n 
re) 
nl 
ra) 
n 
a 
nl 
n 
n 
n 
n 


oaNN © 
HOON 
znnes 


uofsorztog AdW skeq quouw 
—jo ody *aq7ey ‘aansodxq | —-uoitTaug 
/? uotsoii09g [¢ 


(p,qu02) skoT {VY [ex9TIN-teddop Jo uotsois0og Jo saddAy, puke saqeYy uotTsoiAtoD 


° e e e ° e e e ° 


MOMMA MNAMNMONMONMANONMONMNMOMOMNOMNONNONONOMNY 
oooooooqco0co°ce°ece°0oecoee°dcoeo00o0cod 


“CT PT9PL 


60 


a 
i 2) ] & 


—201n0S 


HS 


Py 
= SS) > 


i 
ie 


=>) =) 


i=) 


03 :eg ‘wHZ 

&{ OM sii “OD 
OO) SEGElg Cie); 
do ON 29). 
La 


uOTSOII09 


jw addy, 


(p,3u02) sAho{TW Tex9tN-teddop Fo uotsorz109 Jo sadA], puke sezeYy uoTSOII0D 


mow co N 
eo qo 40 ee} 
Vv 


° 


Mmm N 4A 
oo 4 


(oa) 


ooooS 


T 
I’ 
I 
T 


o 


*o7ey 
uotsoiitoy) 


c 


skeq 
ainsodxq 


quouw 
—-UuOITAUY 


/¢ 


“CT 


eTqeL 


61 


Vv 


. e ° 


COT NNDWOtO RF 
NNT OTFOOCOCHS 
SN BZBnsnenesen 


oO Oo Oo 1O Oo 


. 


0 
T 
W) 
T 
G 
iS 
¢ 
S 
9 
T 
8 
9 
6 


SENSN SEN SNSNENS 


co 0 
SS) =! SVOROFOFORS 


° 


™~ 


—20 iNOS uotsoi109 Adw skeq quow "ON Wao 
/€ —jo odAy ‘a7ey ‘aansodxq | ~—-uoitauy /1 


id uotsoii09 fe 


(p,2u09) sfo [TV [ax 21IN-ateddop Jo uotsoi10D9 Jo sadAj puke seqeYy uoTsoOrI0D 


JOATTS- [249 1N 
J@ATTS- 12% 
JOATTS- 1249 IN 
JOA TS- TAXON 
AAA TS-TAXITN 
JOATTS- 1249 IN 
A9AT TS- [242 IN 
TOA] TS- Tex TN 
AAT TS-[2%9IN 
AAT TS- 1249 IN 


qd-UZ- FIN-"9 
qd-UZ- TIN-"9 
qd-UZ- IN-ND 
qd-4Z- IN-ND 
Qd-UZ-TN-NO 
qd-UZ- IN-"D 
qd-UZ- TN-"9D 
qd-UuZ-EN-N9 
Qd-UZ- IN-20 
Qd-UZ- TN-N)D 
qd-UZ- IN-"D 
qd-UZ- IN-D90 
qd-UZ-TN-nO 


G4-SG “IN-nD 
G4-SS “TN-nO 
Gqy-GS “TN=nD 


“GT ST9PL 


62 


—99In0S 


He 


wioxtup - nl 


ayZtTIS - 1S 

aTaAVSg - S 

SuTqITd - d 

WiOFTUN-UON - ON 

quetdtouy - I 

SUT]T JUSUTpes MOTe9q [eAsUsy - TSdD 
Teasusp - ) 

suTT JQUSeWTpesS MOTZq peyoIwy - Id 
Sutyoqg - La 

espq - a 

VoTAeID - 0) 


uotsoii109 yo sadkj 103 stoqukg /¥F 
Jaded Jo pua Je saoUatTayet OF AOFoA staqunn /€ 
*sqUusUlTpes WOojJ}0q |9Yy} UT peppaquia sem 
uautoeds yora yo uotqaiod e 37eYyQ OS ainjzONIqS Jo aseq ut paesodxyg - 


$ 
ainjoniqzs Jo septs uo t0ezemM eas ut pesodxe AT{TeIOL - M /Z 


saoqunu Aoj[,[e uotzeToOssy Jueudozeneq teddop /] 


JOATTS- TOXIN 
TAT TS- [219 1N 
A@ATTS-12%9 IN 


uoTsoiio) AdW sXeq quoul 
—jo addy, *a7ey ‘aainsodxq —-UOITAUY 


/¢ 


1% uoTSOII09 


(p,3u02) shoT{V Tex 2TN-teddop Fo uotsoiz0D Jo sodA], pue soqVey uoTsozI0D “CT PTGPL 


63 


UT] JUSWTIpes MOTSXq UOTSOIAOD BTqISTA ON // 
AojzTe 3seQ =/9 


BUTT WUeWTpes MoTeq sseT yonW /¢ 


BBeTDAP STTW O°FT - BQ*H] 
WUNUTXEW STIW QZ - woz 
SLRS OG  o OG “Oey 


S[TU 0} JezaT siraquny 


(p,3U09) uotsoii109 Jo sad&q 10; sjtoquds /¥% 


(P,3409) sAoT TV TeYIIN-teddog Jo uotsoatog Jo sadKky pue sajzey uotsorxzxtopj “CT a, qey 


64 


Jequnu Aoj,{e uot eToossy JuaudoteAeq ataddop /T 


NNNMMOMM OY 
SIOCOROROVOsOTO: 
MMMM MNDWM WW 


SoQqoo eco 


NNO SY 
MMMM WM WT 
SOF OLOFOrS) 


0) 
0 
0 
0 
0 
0 


ooc oOo 
NOMNM 


oo 


peTred pesodxg qeI07 sheg o/o —°ON Vad 
“‘yadaq *yuq3u074S *“ssarqs /1 


suawtoeds ainsodx7 al Tsual 


SAOTLY [ex9TN-teddop Jo uotsori09g ssatqS *gT aTqey 


65 


yq3uerqg | yasuerqs | JuadIeg 

Jee sh —o 
PI@TA | aTysuez|  uor alo Ves See 
asueUD) JUudIIEg -e3u0 lg 


uoTsO1I0D) OF eng SAOTTY [eXDIN-Jeddog Fo satjazedosig TeoTueYy.aW uy sesueyD 


LT 2T9FL 


66 


azaqunu Aoj{ Te uot zeypIossy Jusudozeneq teddop /T 


GTZ G°0‘*0€-04 


aq S°O‘OE-OL *TN-"D 
ese 


— a0) Ko Vv 
/7 N Vd Il 
aIansodxy 


(p,2U02) uotsori109 03 ang shoT[V Teyx2FN-teddoD Jo satasedoag [eoTUeYyIeW] UT sosueud “/T eTgeL 


ya3ueiqs | ua3uerq4s 


PIOTA] PLFSueL 
aduey) JUed1eg 


quadisg 
uotq 
-eSuoly 


67 


*JOSUT UT oAngJonazAS AIS 
$3seo9 OTJLOegG |yA FFO SoaqTs HIS Butmoys dew eerzy “{T sansty 


e <> 


BOP }INS J ails 
awiauanH WO0dg ‘149 


e 
all 
LAL ALS 


esyequeg eyueS 


Oxygen, ml/1 


2 4 6 8 ol? 12 14 16 18 
Temperature, C 
6.6 6.8 7.0 7.2 7.4 7.6 7.8 8.0 8.2 
pH 
33.2 33.4 33.6 33.8 34.0 34.2 34.4 34.6 34.8 


Salinity, ppt 


Pigure 2. Oceanographic data at STU sites. 


(MPY ) 


Corrosion Rate 


WXRM 7d 


BS 


UMMQaay 


SS 


LEGEND 


6,000 ft 
NCEL 


INCO? 
MEL!° 
NCEL"! 


2,500 ft 
NCEL 


INCO? 


5,600 ft Atiantic, NRL!2 
4,500 ft Atlantic, NASL'? 
4,250 ft Atlantic, NASL'3 


Surface 
KBNC, Atlantic! 4 


PCZ, Pacific © 
PHH, Pacific!® 
NCEL, Pacific 
INCO®, Pacific 


200 


Figure 3. 


600 800 1000 


Exposure (days 


Corrosion rates of copper in sea water. 


1200 


400 


OOrl 


0021 


“SJUBWIPAS WO}fOG Ul Jaddoo jo sa}p1 UO!SO110D 


( sApp ) aunsodx9 
OOOL 008 009 


14 00S'Z 


Y 000'9 


GQNi947 


‘p ainBi4 


OOV 


(AdW) 242Yy Uo!so1105 


oor L 


“a9ZUOlgq JO194SWWOS 4o so}{pl UO 1SO1IO7) 


(skpp) ainsodx43 
0021 O00 008 009 


gOONI ‘DID ‘BOEING 
gp U!9ed ‘29d ‘a0efNS 
gOONI 


14 0092 
v gOONI 


Y 000'9 
JUaWIPasS 4Ja}eM 
aZU01g jeloJaWWO) 


QN4I941 


“G ainbi4 


OOv 


002 


24DY UOISO1107 


(AdW) 


00r | 


v 


jUaWIpas 


0021 


A 


O 
Vv 


JaJeM 


“ssb1q pad jo sajp4 UOISOIIO7) me) ainbi4 


( sApp ) ainsodx 
OOOL 008 009 OOV 


gOONI ‘a1s!9eq 


op JAW ‘o1WUeW ‘ONE 
adeJINS 

gOONI 
14 009'Z 

o, AW 

gOONI 
44 000'9 


GQNi931 


002 


(AdW) 240y Uo!sosi0> 


Corrosion Rate (MPY) 


‘ LEGEND 


water sediment 
6,000 ft 


INCO? A 
NCEL"! 

2,500 ft 
INCOY 

4,250 ft, Atlantic, NASL'S XX 


Surface 


Pacific, INCO? aaa] 


0 200 400 600 800 1090 1200 1400 


Exposure (days) 


Figure 7. Corrosion rates of yellow brass. 


oor 


}UaWI pas 


"sspiq AjjO1WPY JODIUSSID JO SA}D1 UOISOIIOD *Q aINBI4 


( sApp ) ainsodx3 


0021 OO0L 008 009 OOv 002 


gOONI 
T39N 


O19 ‘aDeJINS 


ep ISWN ‘98URIY “HY OSZ2't 
gOONI 
139N 

14 00S'Z 


gOONI 
149N 
14 000'9 


JOJEM 


GQNi941 


(AdW) 242y UOo!so0D 


Corrosion Rate (MPY) 


= wl 


LEGEND 
water sediment 

6,000 ft 

NCEL (@) @ 

INCO? a 7 
2,500 ft 

NCEL o B 

INCO? Vv v 
Surface, Pacific =| 

pcz'® x 

NCEL “ZZ 

inco? = __] 


swe ll ee 


200 400 600 800 1000 1200 1400 


Exposure (days) 


Figure 9. Corrosion rates of Muntz Metal. 


Figure 10. Dezincified Muntz metal, 
751 days, 5640 feet. X3. 


Figure 14. Dezincified nickel-manganese 
bronze, 751 days, 5640 feet. 
X3. 


“JOJDM Dos Ul ssD.1q |eAbU JO SO4D41 UO 1S0110>) “LL ainbi4 


OOF L 0021 000L 


cg HHd ‘S1p!9Dq “89D}1NG 
9, LN "TD d (214!90g ‘22D41NS 
|W YINIH “24upFy “22p41NS 


7 TUN “OHUPHW “,009°S 


{, GON ‘2141904 ‘,000'9 
Taw ‘2!4!22q4 *,000’9 


Ol 
GNi941 
! 


0 


(sApp) 3.1nsodx3 


008 009 (010) 002 0 


——- 


Op @«€ @ dD 


(AdW) 342y UO!so1105 


Corrosion Rate (MPY) 


Sita Sala T T eas 7 


LEGEND 
water sediment 

6,000 ft 

INCO? A A 
2,500 ft 

INCO? 4 v 
Surface, Pacific 

PCZ, NRL'© x | 

PHH!® + 

INCO? a] 

He2 


o— 


Xx | 
yay 
A 
: ] 
X 
Y A 
+ 
+ 
ats A il 
Vv 
ee went thes! ey hie ere | 
200 400 600 800 1000 1200 1400 
Exposure (days) 
Figure 12. Corrosion rates of manganese bronze. 


“eZuolq asaupbubw — jaxo!u JO S8}D1 UO!SO1IO7) 


oor | 002 | OO0L 


d1y19eg ‘Bde UNS 


4 0092 


44 000'9 
quawipas 4a]eM 


GQNd941 


(shop) ainsodxy 


008 


009 


0) 4 


"e€| aunbi4 


002 


(AdW) 24Dy uo!so1405 


*“SSD1Q WAU !WA| 4O So4D4 UO 1SO41107) "Gl ainbi4 


(shop) ainsodx4 
OOF | 002 L 0001 008 009 04 002 0) 


gOONI —a1y!9e “aoeyAns 

e  ISWN ‘onUeNY 4 092'P 

A gOONI 4 0092 
Vv gOONI 


14 000'9 
juawipas  43a}eM 


GQNi941 


(AdW) 242y UO!so140> 


“ssbiq - Je o!u fO SBfD1 UO!SO1IO7) “OL ainbi4 


(sApp) einsodx] 
OOor | 00Z lL 0001 008 009 OOr 


gOONI 
DIjldeg ‘BDEpINS 

gOONI 
14 009'Z 


v Y oan 


44 0009 
juawipas  sajzem 


GQN4i941 


002 


(shop ) a4yDy Uo{so110> 


Percent Change 


° 
t 
~O 
WwW 
4 
(a) 
(ae) 
N 


403 D - 6780' 


ES 


Figure 19. 


LEGEND 


Arsenical Admiralty ZZ Tensile strength 
[Yield strength 
Oy Elongation 


751 D- 5640' 
197 D = 2340' 


402 D - 2370' 
123 D = 5640' 


403 D - 6780' 
751 D- 5640! 
197 D- 2340 
402 D - 2370! 
123 D - 5640! 
403 D - 6780! 
751 D- 5640 
197 D - 2340! 


402 D - 2370' 


OM 0, 


ZL, 


Effect of exposure on mechanical properties of arsenical 
Admiralty metal. 


LEGEND 


WL Tensile strength 


Muntz metal 


[Yield strength 


S99 Elongation 


,0Z6Z -d Zor VL 


OVEZ - 0 LL YY 

0796. - dG ISZ Vib: 
089 - a 0» W777) 
OV9S - E21 WY 


10ZEZ - Cd 2OV 
i0vVEZ - qd Zbl 
1079S -d IGZ 


10829 - d £04 
i0V9S -d E21 


10Z€Z - Cd Or 
OVE? - Cd Z6l 


i0V9S -d ISZ 
10829 - d £07 
i0V9S -d EZI 


sBupyd juadieg | 


Effect of exposure on mechanical properties of Muntz metal. 


Figure 20. 


LEGEND 


bronze 


UZZZZA Tensile strength 


Nickel - manganese 


[] Yield strength 


X99 Elongation 


—CCCh 
SSSSSS 


21. Effects of exposure on 


Figure 


bronze 


ma 


oor | 


"S@ZUOIG D PaljiIPOW PUD D 4O S294D1 UOISOIOD "ZZ 


(sApp) ainsodx3 


002 | 0001 008 


gOONI ‘214!9eq ‘aoeyins 
gOONI 


4.00S'Z 
gOONI 


14.0009 
JuaWIpss JOJOM 
8ZU0Jg 5 pals!Pow 


009 


aes 


x 
4a 


Vv Vv 


JUBWIPEs 4aJEM 


QN3941 


a1nbi4 


gOONI ‘214!9eq ‘adejsns 

Ee, ISWN ‘onUeNY 4 0S2'p 
gOONI 

4 009'2 
gOONI 

4 000'9 


azuoig 9 


(AdW) 34Dy UOISO1IOZ 


oor l 


JuawwIpas 


9Zuoig ult Pepbe| pub eZuolg WW jo se4D4 UO1SO14107) A ainbi4 


(sApp) ainsodx3 
002 1 0001 008 009 


gOONI ‘214!9eq ‘adeans 
OONI 
4 009'Z 
gOONI 
14 000'9 
4azeM JUSWIPas 4a}eM 


azuoijg ul | papeay 


GN3931 


ULLLLLLD 


hill 


a 


N 
\ 
\ 
\ 
\ 
\ 


gOONI ‘1N!9ed ‘eej4NS 

e, ISWN ‘OUeIY ‘4 OSZ'b 
gOONI 

4 009'2 
gOONI 

14 000'9 


azuolg N 


(AdW) 24Dy Uo1sos10> 


Corrosion Rate (MPY) 


LEGEND 


Phosphorous Bronze-A 


water sediment 
6,000 ft 
NCEL O ® 
INCO? A A 
NCEL"! ® 
2,500 ft 
NCEL Oo B 
INCO? Ty, v 
5,600 ft, Atlantic, NRL'2 + 
Surface, Pacific 
pcz, NRL'© x 
PHH!® of 
NCEL ZZ 
INCO? | 


X 
X 
poreiehn eae 
@ 
4@@ OA 
vEOVO O 
oA A 
400 600 800 


Exposure (days) 
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Figure 25. Corrosion rates of wrought aluminum bronzes. 
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Figure 26. Corrosion rates of cast aluminum bronzes. 
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Figure 27. Corrosion rates of nickel - aluminum bronzes. 


Corrosion Rate ( MPY) 


Ls) 


3% Silicon Bronze 


6,000 ft 


2,500 ft 


Surface, Pacific 


Y 
N 
N 
N 
\ 
\i 


\ 


LLL LLL A 


Lf MLL 


200 


INCO? 
INCO? 


PCz, NRL'6 
INCO? 


Figure 28. 


LEGEND 


Silicon Bronze A 


water sediment water 


6,000 ft 
A A 


B 2,500 ft 


Surface, Pacific 


600 800 1000 


Exposure (days) 


Corrosion rates of silicon bronzes. 


1200 


sediment 


1400 


Corrosion Rate (MPY) 


Ni-Vee Bronze A 


6,000 ft 


2,500 ft 


Surface, Pacific, INCO? [J 


INCO? 


INCO? 


Ni-Vee Bronze C 


6,000 ft 


2,500 ft 


INCO? 


INCO? 


LEGEND 


Ni-Vee Bronze B 
water sediment water 


6,000 ft 

A A INCO? 
2,500 ft 

Vv INCO? 

Surface, Pacific, INCO? 


water sediment 


Surface, Pacific, INCO? 


OX 


ro 


és 
4 


OOOO 
SSA 


ro% 
20% 


3S 


AA? 
"00; 
roe 


£5 


oS? 
aha 


LAA / 
OO 
42 


200 


400 600 800 1000 1200 


Exposure (days) 


Figure 29. Corrosion rates of Ni- Vee bronzes. 
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Figure 36. Corrosion rates of 70- 30 copper - nickel alloy containing 0.5 % iron. 
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Figure 38. Corrosion rates of copper - nickel alloys. 
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Figure 40. Corrosion rates of 80- 20 copper - nickel alloy. 
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